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ABSTRACT
The research presented in this report focused on improving the cyclic inelastic
performance of welded unreinforced flange moment connections. Both analytical and
experimental studies were conducted to investigate the effects of five issues on the cyclic
ductility of welded moment connections.  These issues included: (1) geometry and size of
the weld access holes, (2) control of inelastic panel zone deformation, (3) supplemental
web fillet welds, (4) continuity plates, and (5) the effects of a concrete slab.
The experimental studies consisted of inelastic cyclic tests of full-scale
connection specimens.  The test program included six exterior connection specimens and
five interior connection specimens.  The analytical studies included nonlinear finite
element analysis of connections subjected to monotonic and cyclic loading. A low-cycle
fatigue failure formulation was developed and applied to analytically evaluate the cyclic
ductility of various connection details.
The results of the study indicate that the type of connection fracture observed
after the Northridge earthquake is primarily due to the low toughness of the weld metal
used in making the flange welds.  With a high toughness weld metal and modified
detailing improvements, it is demonstrated that a welded unreinforced flange moment
connection can reliably achieve an inelastic rotation of 0.03 radian or more prior to beam
fracture.  Based on the analytical and experimental results of the study a design procedure
with modified details for welded unreinforced moment connections is presented.  The
modified details include using a groove welded beam web attachment with supplemental
fillet welds along the edges of the shear tab. An alternative detail consisting of a heavy
shear tab that is shop groove welded to the column and fillet welded to the beam web in
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the field also was found to be successful.  The modified detail also includes the use of a
weld access hole with a modified geometry.  The tests and analysis results both indicate
that a strong panel zone enhances inelastic connection performance.  Existing seismic
design criteria which requires continuity plates in all moment connections was found to
be conservative, and could probably be relaxed.  A proposed continuity plate design
criteria based on low-cycle fatigue failure was developed that shows good correlation
with the test results.
The low-cycle fatigue failure analysis procedure is demonstrated to reliably locate
the regions in a connection where high fracture potential exists as well as to predict the
cyclic ductility.
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CHAPTER 1  INTRODUCTION
1.1 1994 Northridge Earthquake
Widespread connection damage during the 1994 Northridge Earthquake
undermined the confidence in the ductility of special moment resisting frames (SMRF).
In the aftermath of the Northridge Earthquake, widespread damage to welded moment-
resisting beam-column connection was discovered.  Although catastrophic structural
failure did not occur in the moment resisting frames, brittle fractures in or around the
groove weld between the beam flanges (primarily the bottom flange) and column flange
were found in over 150 welded steel moment-frame buildings (Youssef et al. 1995).
Figure 1.1 shows a typical pre-Northridge welded beam-to-column moment
connection. The moment transfer in pre-Northridge welded beam-to-column moment
connections was achieved by full penetration groove welds that attached the top and
bottom beam flanges to the column flange. Shear transfer was achieved by high-strength
bolting of the beam web to the shear tab.  The groove weld was made with E70T-4
electrode, with the weld backing bar remaining in place. Although many different types
of damage were discovered following the Northridge Earthquake, the most common was
fracture of the beam bottom flange full penetration groove welds.  These fractures
typically initiated from the root or toe of the full penetration groove weld.  Several
different fracture paths were found and are summarized in Figure 1.2.  The weld fractures
have been attributed to a number of factors (FEMA 1999).
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1.2 Objectives of Task 7.05
Numerous studies on welded moment connections have been performed in an
attempt to improve their ductility.  These studies have resulted in the development of
numerous alternative details, including haunch brackets, “dog-boned” beam flanges,
friction devices, reinforced beam flange plates, as well as several proprietary details.
 The research presented in this report was conducted under SAC subtask 7.05, and
focused on welded unreinforced flange moment connections. The main objectives of this
research were:
1) To develop a more thorough understanding of the inelastic behavior of welded
unreinforced flange moment connections.
2) To investigate the effects that weld access hole size and geometry, continuity
plates, the beam web attachment detail, and panel zone strength have on the
inelastic cyclic behavior of this type of connection.
3) To provide design recommendations for the use of this type of connection in
new buildings.
1.3 Scope
To meet these objectives, both experimental and analytical studies were
conducted.  In addition to the parameters noted above, the study also examined the effects
of a composite floor slab on connection performance.  The study consisted of the three
main tasks described below.
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1.3.1 Analytical Studies
Computer models of the test specimens were developed using the general-purpose
nonlinear finite element analysis program ABAQUS (1999).  These models focused on
the effects of weld access hole size and geometry, beam web attachment detail, thickness
of continuity plates, and panel zone strength on the local stress and strain states of the
connection.  The beam web attachment detail studied included both a bolted shear tab and
groove weld of the beam web directly to the column flange.  The effect of supplemental
fillet welds around the shear tab was also investigated.  Geometric and material
nonlinearities were included in the finite element model.  A sub-modeling technique was
used to refine the mesh of the model in the local connection region in order to obtain a
more accurate solution.  Access hole size and geometry, and beam web attachment detail
were studied by conducting analyses on exterior connections.  Analyses of interior
connections were conducted to study the effects of continuity plates and panel zone
strength on connection performance.
The results from the finite element analyses were used to design the connection
details for the various test specimens.  These details included the access hole size and
geometry (constant for all specimens), different beam web attachment configurations,
continuity plate thickness, and panel zone strength.
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1.3.2 Experimental Studies
The experimental studies consisted of laboratory tests of full-scale connection
specimens. The test program included six exterior connection specimens and five interior
connection specimens.  Figure 1.3 shows a typical detail of an interior welded
unreinforced beam-to-column connection consisting of W36x150 A572 Grade 50 beams
with a W14x398 A572 Grade 50 column.  The column section size for the interior
connections was either W14x398 or W27x259, and for the exterior connection was
W14x311.  Specimens were fabricated using E70TG-K2 wire for the beam flange full
penetration welds and E71T-8 wire for the beam web full penetration weld.  The strength
properties of the two wires are similar with the E71T-8 having a higher fracture
toughness.  The shear tab was shop welded to the column flange.  Both bolted and welded
beam web attachment details were tested.  For the welded detail the beam web was
groove welded to the column flange and supplemental fillet welds was used along the
edge of the shear tab.  Variations of the weld web detail were also tested as described
below.  Continuity plates and doubler plates were included as parameters in the tests, as
also described below.
The exterior connection Specimens T1 to T4 were tested to evaluate the new
access hole geometry developed from the finite element studies and to validate the effects
of the beam web attachment details on connection performance that were found in the
finite element studies.  These four exterior connection specimens had continuity plates of
the same thickness as the beam flange.  No doubler plates were used in the column panel
zone, since they were not required according to AISC Seismic Provisions (AISC, 1997).
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All specimens were tested using pseudo-static loading with the displacement history
based on the SAC protocol (SAC, 1997). The parameters varied in each exterior
connection specimen were:
Specimen T1:  beam web welded to the column flange along with supplemental
fillet welds on three sides of the shear tab;
Specimen T2:  beam web groove welded to the column flange;
Specimen T3:  beam web fillet welded to the shear tab;
Specimen T4:  bolted shear tab.
The exterior connection Specimens T5 and T6 were tested to investigate the
effects of strong panel zone, continuity plate and heavy shear tab on connection
performance.  For these two exterior connection specimens, ½ inch doubler plates were
used in the column panel zone. The parameters which were varied in each exterior
connection specimen were:
Specimen T5: similar to Specimen T1 but without continuity plates and
supplemental fillet welds only partially along the edge of the
shear tab, as well as having a strong panel zone;
Specimen T6: identical to Specimen T5 but with a groove welded heavy shear
tab, beam web filled welded to all edges of the shear tab.
The interior connection specimen tests focused on the effect of the continuity
plates on connection performance.  The test matrix included one specimen with a
composite slab. All interior connections had the new weld access hole and a groove
welded beam web attachment with supplemental fillet welds.  Doubler plates were used
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to strengthen the column panel zone.  The resulting panel zone strength was greater than
that required by AISC-LRFD seismic design provisions (AISC, 1997). The parameters
varied in each interior connection specimen were:
Specimen C1: no continuity plates, thick column flanges;
Specimen C2: identical to Specimen C1 but with continuity plates the same
thickness as the beam flanges;
Specimen C3: no continuity plates, thin column flanges;
Specimen C4: identical to Specimen C3, but with continuity plates the same
thickness as the beam flange;
Specimen C5: identical to Specimen C1 but with a 6.5 inch thick concrete
composite floor slab on the top of the beam.
1.3.3 Development of Improved Design Procedures
The ABAQUS finite element models were calibrated using the results of the
experimental studies.  The calibrated finite element models were then used in conjunction
with a newly developed low-cycle fatigue failure analysis to develop and refine improved
details for welded unreinforced moment connections, and to propose a design procedure.
1.4  Organization of Report
 As noted earlier this report documents the analytical and experimental studies
conducted on welded unreinforced flange moment connections conducted under SAC
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Subtask 7.05.  Chapter 2 presents relevant background information on prior and
concurrent research and seismic design provisions.  In Chapter 3 the finite element
analysis studies, which investigated the effects of the configuration of the weld access
hole size and geometry, beam web attachment, strength of column panel zone, and
continuity plates on connection state of stress and strain and the fracture potential, are
discussed and results presented.  Chapter 4 describes the experimental work. Included in
Chapter 4 are specimen dimensions, material properties, fabrication details, test setup and
procedure, instrumentation, observed specimen behavior during testing, and data
analyses.  Chapter 5 compares the finite element prediction with the test results of
Specimen T1.  The development of a low-cycle fatigue fracture analysis theory, along
with analysis of the test specimens and formulation of a low-cycle fatigue based
continuity plate design criterion is presented in Chapter 6. Chapter 7 focuses on the
proposed connection design procedure.  A summary of the standard SAC test reports is
provided in Appendix A for each specimen.  The specified weld procedure and UT
inspection reports are given in Appendix B, and the steel chemical content reports are
given in Appendix C.  The stress-strain curves from the tensile coupon tests are provided
in Appendix D.
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 Figure 1.1 Conventional steel beam-to-column moment connection, representative of
older practice (Youssef et al., 1995)
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 Figure 1.2 Survey form damage types (Youssef et al., 1995)
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 Figure 1.3 Modified steel beam-to-column moment connection (Specimen C1)
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CHAPTER 2 BACKGROUND 
 
2.1 Pre-Northridge  Welded Unreinforced Steel Moment Connections 
 
A schematic typical of a pre-Northridge connection detail is shown in Figure 1.1. 
The pre-Northridge moment connection design was developed in the late 1960s and early 
1970s from results of tests. The earlier tests were conducted under monotonic loading 
(Beedle et al. 1973; Parfitt and Chen 1976; Chen and Patel 1981). Subsequent tests were 
done under cyclic loading (Carpenter and Lu 1973; Popov and Pinkney 1969; Popov and 
Stephen 1970, Popov and Bertero 1973). The beam flanges of these specimens were 
welded using complete joint penetration groove welds. The webs of the beam were either 
bolted (in a majority of the connections) or welded to the column.  Most of these tests 
were successful.  The average total plastic rotation was larger than 0.04 radians as shown 
in Figure 2.1, for these specimens which had a depth of less than or equal to 24 inches. 
These earlier specimens were welded with either the shielded metal arc welding (SMAW) 
process or the flux core arc welding (FCAW) process. The two dominant failure modes 
were severe buckling of the beam flange and web, and/or fracture of beam flange in the 
vicinity of the complete joint penetration groove weld to the column. 
The pre-Northridge fully restrained moment connection was widely used in steel 
MRFS and constructed in the 1970’s, 80’s and early 90’s.  Seismic behavior of these 
frames remained unquestioned despite the subtle changes in standard design practice 
since the 1980’s. The beam web was bolted to a shear tab that was shop-welded to the 
column.  Bolting the beam web to the shear tab became the norm because it was more 
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economical than welding.  The flanges of the beam were field welded to the column 
flange using complete joint penetration groove welds.  There were no requirements on 
filler metal toughness nor were there any constrictions on the choice of welding process 
and practice.  Backing bars and run-off tabs were usually left in place. The flux-cored arc 
welding process was developed in the 1960’s. Using the E70T4 electrode and the larger 
diameter of 3/32 inch, it replaced the shielded metal arc welding for building construction 
beginning in the mid-1980s.  
The change in the shear tab detail from welded to bolted was supported by test 
results from the experimental studies. Popov and Stephen (1970) showed that there was 
little difference in the response of bolted and welded web connections.   
Panel zone design was also modified.  Krawinkler et al. (1975) and Krawinkler 
and Popov (1980) advocated the use of a flexible panel zone to achieve the desired plastic 
rotation capacity of the connection. Panel zone yielding often provides excellent inelastic 
performance with desirable energy dissipation characteristics. However, they also warned 
that excessive panel zone deformation may be detrimental to the beam behavior by 
causing strain concentrations at critical locations near the weld flanges and that may lead 
to beam flange weld fracture.   
Other changes in the design practice included using fewer moment connections in 
the lateral load resisting system.  This resulted in deeper beams (W36 beam sections) 
than those of tests conducted in the 1960’s and 1970’s, as well as less redundancy. 
Later studies began to show the potential problems with welded flange-bolted 
web moment connections.  Tsai and Popov (1989) investigated 18 connections with W18 
and W21 beam sections.  The experimental studies focused on the issues of the welding 
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process used to fabricate the test specimens, supplemental weld of beam web at the shear 
tab and welded end plate connections.  The tests considered both shielded metal arc 
(SMAW) and self shielded flux core arc welding (FCAW).  They found that two 
specimens fabricated with flux core arc welding suffered brittle weld fractures just as 
they reached the yield capacity of the beams.  Many tests showed a disturbing limitation 
on specimen ductility.  Supplemental welding of the web was required for connections 
when more than 30% of the plastic moment capacity of the beam was developed by the 
web.   
Engelhardt and Husain (1993) reported on a series of experiments on connections 
with relatively deep W30 beam sections.  The specimens were fabricated using the 
FCAW process.  These specimens had very little ductility, and further amplified the 
importance of the weld process and electrode on the inelastic performance. They warned 
about poor performance of fully restrained moment connections with supplemental shear 
tab welds and pointed to a rather large variability of beam plastic rotation capacities 
achieved in tests done between 1970 and 1993.   
 Irrespective, designers remained confident about the performance of welded steel 
moment-resisting frames under seismic loading.  It was believed that good performance 
could be expected since most of the connection test specimens achieved 0.015 radians of 
total plastic rotation under cyclic loading, which was the generally accepted minimum 
required plastic rotation capacity (Engelhardt and Husain 1993).  This conclusion was 
based on analytical studies of the response of typical steel MRF buildings to typical 
earthquake records available at that time, such as the study by Tsai and Popov (1989).  
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Nonetheless, steel moment connections suffered serious damage during the 1994 
Northridge earthquake. As noted in Chapter 1, the most common failure modes were 
brittle fractures at or near the beam flange complete penetration groove welds. There was 
a lack of evidence of beam plastic deformation. A solution to improve the cyclic ductility 
of welded moment connections was needed.   
 
2.2 Post-Northridge  Welded Unreinforced  Moment Connection Studies 
 
Under SAC Phase I and SAC Phase II studies, numerous tests were conducted to 
investigate various aspects that were believed to be associated with the failure observed 
in the pre-Northridge connection and attempts made to improve connection performance.  
The studies relevant to the research of SAC Subtask 7.05 are summarized below. 
  
2.2.1  SAC Phase I Pre-Northridge Connections Tests   
 
To determine the possible causes of connection damage a comprehensive series of 
tests on pre-Northridge connections was conducted in Phase I of the SAC Steel Project by 
Engelhardt et al., Uang et al., Popov et al., and Whittaker et al.(SAC 1996).  The test 
specimens consisted of typical beam and column sizes used in practice, ranging in size 
from a W24x68 to W36x150 beam and W14x120 to W14x257 column.  All specimens 
were fabricated by closely simulating the welding practice used before the Northridge 
earthquake.  The flux-cored self-shielded E70T-4 electrode was used to weld the flange 
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complete joint penetration groove welds.  The backing bars and run-off tabs were left in 
place. 
Laboratory tests on the pre-Northridge connection specimens reproduced 
practically all of the connection failure modes observed in the field (SAC 1996).  The test 
specimens failed in a brittle manner by fracture in the connection before any significant 
yielding and plastic deformation occurred in the beam or panel zone.  The fractures 
appeared to originate from cracks that developed at notches in the root of the complete 
joint penetration groove welds. Once initiated, these cracks quickly propagated along 
different paths, either through the weld or into the beam or column (see Figure 1.2).   
Figure 2.1 summarizes the performance of about 80 pre-Northridge beam-to-
column moment connection specimens by Roeder (FEMA 1999).  The beam sizes ranged 
from an 8-inch depth to 36-inch depth. The test results included in Figure 2.1 were 
conducted from the early 1960’s to 1996.  When the beam size increased, the inelastic 
deformation capability dropped dramatically as shown from the trend line in Figure 2.1.  
The average total plastic rotation for a W36 beam section is approximately 0.01 radians.  
 
2.2.2 Pull Plate Tests 
 
A preliminary investigation of the damaged pre-Northridge connections indicated 
that the deposited weld metal of the fractured flanges had unusually low fracture 
toughness, although the static strength properties of the weld metal met the specification 
requirements.  The welds were made using the E70T-4 self-shielded, flux-cored process, 
which does not have a specified toughness. The E70T-4 electrode has a typical Charpy 
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V-notch fracture toughness of 5 to 22 ft-lbs. at 70ºF (Fisher et al. 1995). The toughness of 
this and other electrodes is shown in Figure 2.2 as a function of temperature. It is 
apparent that the E70T-4 electrode has the lowest toughness among the electrodes in 
Figure 2.2, which include E70TG-K2, E71T-8, E7018, and E70T-7.  
As a means of investigating the material and welding variables associated with 
MRF welded joint behavior, a series of relatively simple, low-cost tension (pull-plate) 
specimens were tested under the SAC Phase I program (Kaufmann and Fisher 1996). The 
test specimens represented a simulated beam flange-to-column flange welded detail of 
the pre-Northridge connection, and are shown in Figure 2.3. Additional specimens were 
tested under a study sponsored by the Structural Steel Education Council (Kaufmann 
1997), leading to a database of 24 specimens. The parameters in the test matrix included 
filler metal (E70T-4, E7018, E71T-8, E70TG-K2, E70T-6, E70T-7), removal of the 
backing bar, yield strength of beam flange (i.e., base metal) and strain rate (static or 
dynamic).  To expand the database, additional tests were performed on 15 tension 
specimens under SAC Task 7.05 (Ricles et al. 1999). The variables investigated in this 
study included:  (1) notch toughness of filler metal; (2) grooved backing bars; and (3) 
beam flange weld reinforcement.  The specimens were tested in a computer-controlled 
600 kip capacity universal testing machine at a dynamic loading rate.  The results of these 
and the other 24 specimens are shown in Figure 2.4, which is the summary of specimen 
ductility of the 39 pull plate tests.  Some of the conclusions reached from these tests 
include:   
(1) the performance of the tension specimens was found to closely parallel the 
observed behavior of pre-Northridge building connections and post-Northridge 
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tests of similar full-size moment connections, and demonstrate the influence of 
material properties and welding procedure on joint behavior and failure mode;  
(2) retrofitting joints welded with E70T-4 filler metal through joint detailing 
modifications, such as backing bar removal, did not significantly improve 
performance;   
(3) The use of grooved backing bars did not improve the performance of specimens 
with E70T-4 filler metal. The performance of specimens with E70TG-K2 filler 
metal was affected by the positioning of the grooved backing bar. The 
misalignment of the backing bar can cause entrapment of mill scale or slag, 
creating a flaw that may lead to a potential weld failure. For these reasons, the use 
of grooved backing bars was not recommended in welded joints. 
(4) Specimens using E70TG-K2 filler metal and a backing bar of standard geometry 
performed in a ductile manner. Leaving the backing bar in place without a 
reinforcing fillet weld produced a ductile response in a specimen having this 
detail. However, the continuity plates, which stiffen the column flanges, can 
influence the ductility of the joint. Further studies related to the effect of 
continuity plates on connection behavior were found to be warranted on full-scale 
connections.  
(5) The filler metal type had the largest effect on weld joint performance.  Brittle 
weld fracture was found to be suppressed when using a weld metal with a 
minimum notch toughness of 20 ft-lbs. at –20 F (e.g., E7018, E70TG-K2, E70T-
6, or E71T-8) in conjunction with improved welded detailing and controlled weld 
flaws through inspection. 
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2.2.3  Full-Scale Post-Northridge Connection Tests 
 
Four full-scale beam-to-column assemblies were dynamically tested to study the 
effect of filler metal toughness on connection performance and to establish a probable 
cause of the observed failure during the Northridge earthquake by Xue et al. (1996) and 
Lu et al. (1997). Figure 2.5 shows a schematic of the test assembly used in the study. The 
column was a W14x311, and made of A572 (Gr.50) steel with a yield stress of 58 ksi.  
The W36x150 beam was made of A36 steel with a yield stress of 38 ksi and was 
connected to the column at mid-height. Fully reversed dynamic displacement cycles were 
applied at the free end of the beam by two servo-controlled actuators at pre-determined 
rates.  The rate was determined from the response frequency of a typical multi-story steel 
structure and also the appropriate kinetic deformation rate of steel in the plastic range.    
The four specimens tested were identified as Specimens A-1, A-2, A-3 and A-4. 
Specimen A-1 was detailed to represent a typical connection that fractured during the 
Northridge Earthquake. The details were similar to those shown in Figure 1.1, but 
without the continuity plates and supplemental shear tab fillet weld.  The E70T-4 
electrode and FCAW process was used in making the beam flange groove welds.  
Specimen A-2 was the same as A-1, but with the backing bars of both beam flanges 
removed and a small reinforcing fillet weld (E71T-8 electrode) added to the weld root. 
This was an attempt to eliminate the fracture initiation potential of the backing bar gap. 
Specimens A-3 and A-4 had the details of a fully welded connection (i.e. beam flanges 
and web) fabricated with E7018 electrode and E70TG-K2 flux-cored wire, respectively.  
A vertical groove weld was added at the beam web to column flange in Specimens A-3 
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and A-4.  The backing bar and run-off tabs were removed, back-gouged, and 
reinforcement from the underside was provided.  Both Specimens A3 and A4 had 
continuity plates of the same thickness as the beam flanges.  
During the test of Specimen A-1 the beam bottom flange fractured at the 
connection in a brittle manner. The maximum bending moment achieved during the test 
was only 87% of the plastic moment capacity of the beam. The fracture occurred when 
both the beam and column were still in the elastic range, because no visible sign of 
yielding was observed, except some flaking of the whitewash in small areas around the 
access holes. The removal of the backing bars in Specimen A-2 improved the connection 
performance, but brittle fracture of the flange welds again led to failure without 
significant yielding. Other than the limited yielding around the access holes, the 
connection behaved elastically when the welds of the top flange fractured followed by the 
bottom flange when the load was reversed. The fracture surface was confined entirely in 
the weld. The maximum bending moment resisted by the connection was 92% of the 
plastic moment capacity of the beam. The load vs. displacement relationships (at the load 
point) of Specimen A-2 is shown in Figure 2.6(a). 
Much improved performance in terms of both strength and ductility was observed 
in Specimen A-3. A typical "moment gradient" plastic hinge developed in the beam near 
the column face with extensive yielding occurring in the beam flanges as well as the web. 
There was also some yielding of the panel zone.  Specimen A-3 achieved a total plastic 
rotation of 0.026 radians.  The load versus displacement hysteresis loops of the specimen 
are shown in Figure 2.6(b).  Specimen A-4, fabricated with E70TG-K2 filler metal, also 
showed ductile behavior and achieved a plastic rotation of 0.037 radians. Specimens A-3 
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and A-4 provided improved plastic deformation and energy dissipation capacity. Near the 
end of the tests of Specimens A-3 and A-4, small cracks were observed at the weld toes 
of the beam flange and web (see Figure 2.7). These cracks, however, were stable and did 
not propagate.  The improved performance of Specimens A-3 and A-4 showed that the 
premature fracture of Specimens A-1 and A-2 was due to the low fracture resistance of 
the E70T-4 weld metal combined with a bolted beam web. It is therefore necessary to 
impose a minimum fracture toughness requirement on the weld metal used in order to 
ensure ductile behavior.  
These experimental studies indicate that the pre-Northridge connection details can 
develop better rotation capacity if a notch tough weld metal is used for the beam flange 
complete joint penetration groove weld in combination with a groove welded beam web, 
removing the backing bars, back-gouging, and providing reinforcement from the 
underside. 
 Ten post-Northridge exterior beam-column welded unreinforced flange moment 
connections using notch tough filler metal and a bolted beam web were tested by 
Stojadinovic et al. (2000) to investigate their cyclic ductility.  The details of the 
unreinforced connection design are shown in Figure 2.8. The specimens were fabricated 
using a notch tough filler metal (E70TG-K2) and a bolted beam web.  The beam size 
varied from a W24 to W36.  The weld access holes had the geometry prescribed in Figure 
C-J1.2 of the AISC LRFD Manual (See. Figure 2.16) and the geometry of the access 
holes remained essentially the same as in pre-Northridge connections.  The edges of the 
access holes were reported to have been ground smooth to remove notches.  The column 
continuity plates were as thick as the beam flanges. The beam flange groove welds were 
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welded using the E70TG-K2 filler metal in field-like conditions.  The run-off tabs were 
removed and ground smooth.  On the beam bottom flange, the backing bar was removed, 
the root of the weld back gouged using an air-arc procedure and then reinforced with an 
overhead fillet weld made with E71T-8 filler metal.  On the beam top flange the backing 
bar was left in place, with the bottom side reinforced with an E71T-8 fillet weld.    
A displacement history was applied to each specimen in accordance with the SAC 
loading protocol until the resistance of the specimen in both loading directions was 
reduced to less than 60% of the maximum flexural strength recorded in the test. Figure 
2.9 shows the typical failure mode of a specimen, where fracture occurred in the base 
metal of the beam flange.  The crack was located in the area between the heat affected 
zone on the outside flange surface and the end of the weld access hole cut on the inside 
flange surface (see Figure 2.10).  The flange crack was reported to have formed in two 
phases. In the first (ductile) phase a crack appeared on the outside surface of the flange 
above the weld access hole.  A subsequent crack formed on the inside surface of the 
flange, usually in the next displacement cycle, at the edge where the weld access hole met 
the flange.  During the cycles that followed, both cracks grew through ductile tearing of 
the base metal.  Crack propagation became unstable, and the entire flange fractured in a 
brittle manner.  The brittle fracture was the second (brittle) phase of the flange failure 
process. 
Rotation measured at the instant of first flange failure is summarized in Figure 
2.14.  The mean total plastic rotation was 0.015 radians (with a standard deviation of 
0.006 radians). The specimen performance did not meet the required ductility for either 
SMRFs (0.03 radians of total plastic connection rotation) or intermediate MRFs (0.02 
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radians of total plastic connection rotation).   The mean total plastic rotation was 0.014 % 
radians for the two specimens with the W36x150 beam.  The test results of Specimens A3 
and A4 (Xue et al. 1996) are also shown in Figure 2.14.  Specimens A3 and A4 were 
fabricated in the same manner using a similar tough electrode, except with the welded 
beam web instead of the bolted beam web.  The mean total plastic rotation was 0.032 
radians.  The comparison of the W36x150 beam specimen test results indicates that the 
welded beam web attachment detail leads to a significant improvement in performance.      
In addition to Stojadinovic et al. (2000) and Xu et al. (1996), Engelhardt (2000) 
cyclically tested an exterior welded unreinforced flange moment connection. The 
specimen consisted of a W36x150 beam of A36 steel and a W14x455 Gr.50 column 
section as shown in Figure 2.11.  The beam web was bolted to the shear tab.  The notch 
tough E70TG-K2 electrode was used to make the beam complete joint penetration groove 
welds.  The weld access hole for the beam was a standard geometry with a 0.75-inch 
radius as shown in Figure 2.12. The inelastic cyclic testing resulted in fracture of the top 
beam flange at 0.015 radians of plastic rotation.  The fracture initiated near the toe of the 
weld access hole as shown in Figure 2.13.  The result is included in Figure 2.14.  
From the test results of Stojadinovic et al. (2000) and Engelhardt (2000), it is 
concluded that a moment connection fabricated using notch-tough filler metal without 
any further modification of the pre-Northridge welded unreinforced flange moment 
connection detail does not possess sufficient ductility to resist seismic loading where 0.03 
radians of plastic connection rotational demand is imposed.  The test results raised the 
issues of the effects of web attachment detail and the fracture at the weld access hole 
region. 
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Recent test data from Japan (Nakashima et al. 1998) suggests that the size and 
shape of the weld access hole can influence the cumulative inelastic rotation capacity. 
The results of these tests suggest that the combination of stress concentration, high strain 
demand, and low fracture toughness can lead to premature crack initiation and 
propagation at the root of the weld access hole.  
 
2.2.4 Finite Element Studies of Welded Unreinforced  Flange Moment 
Connections  
 
A 3-D nonlinear finite element analysis parametric study was conducted on the 
pre-Northridge exterior connection by El-Tawil et al. (1998) to investigate the effect of 
variations in connection details on inelastic behavior. The basic connection geometry and 
member size used in the model were derived from the geometry of Specimen PN3 tested 
by Popov et al. (1996) during Phase I of the SAC Steel Project.  Specimen PN3 consisted 
of a W36x150 beam connected to a W14x257 column.  The parametric study included 
the effects of material yield-to-tensile strength ratio, weld access hole geometry, panel 
zone strength and thickness of continuity plates.   The analyses were conducted using the 
finite element computer program ABAQUS.  The models were subjected to monotonic 
load until reaching a plastic rotation of 0.03 radians.     
Three configurations of the weld access hole were included in the parametric 
study, namely A1, A2 and A3 as shown in Figure 2.15.  Configuration A1 was the 
standard weld access hole with a radius of 0.75 inch (AISC 1993), and was the same used 
in Specimen PN3.  The radius of the weld access hole of A2 is double that of A1 (1.5 
inch).  Configuration A3 had the same radius of as A1, but intersected the beam flange at 
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90 degrees.  This access hole geometry is not allowed by AISC for hot-rolled sections.  
The study concluded that the small access hole (configuration A1) was better than the 
larger one (configuration A2), and the small weld access hole in configuration A1 could 
reduce the potential for cracking and fracture.  However, the small weld access hole does 
not leave much clearance for welding of the bottom flange because of interference with 
the beam web, which increases the possibility of an incomplete fusion defect at the root 
of the groove at flange mid width at the weld-column interface.  Many of the weld 
fractures observed after the Northridge Earthquake appear to have initiated due to this 
type of defect.  
 The finite element model analysis included four different continuity plate 
thickness: 0.0 inch, 0.5 inch, 0.75 inch, and 0.94 inch.  The girder flange thickness for the 
W36x150 beam was 0.94 inch.  The results of the FEM analyses supported the FEMA-
267 (1995b) and FEMA-267A (1997a) provisions, which required continuity plates in all 
connections designed for seismic zones.  However, the analyses concluded that continuity 
plates with a thickness less than 60% of the recommended thickness (girder flange 
thickness) resulted in almost no change in the stress and strain condition in the 
connection. Frank and Fisher (1979) studied the fatigue behavior of cruciform fillet 
welded joints.  They found that for a plate thickness greater than 0.5 inches that the notch 
at the root of the fillet welds began to be more severe than the weld toe stress 
concentration.  These results indicated that it might be acceptable to fillet weld continuity 
plates, provided their thickness can be kept to 0.5 inches or less.  Some fabrication 
problems due to the restrained CJP groove welds could be eliminated by using fillet 
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welded joints.  Thin continuity plate will likely result in lower residual stresses and 
reduce the potential for weld cracking because of less heat input during fabrication. 
El-Tawil et al. also evaluated panel zone strength provisions based on only yield strength, 
by Krawinkler (1978), and FEMA 267A (1997).  The panel zone strength provision are 
given below as Equations (2.1), (2.2) and (2.3).  
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 The studies concluded that Equation (2.1) reasonably predicts the strength of the 
panel zone at the onset of inelastic panel zone deformation for connections with different 
beam depths, and different column flange thickness.  It was determined that significant 
inelastic panel zone deformation must occur before the panel zone strength according 
Equation (2.2) can be achieved.  The equations however did not work as well with 
connections having thicker column flanges.  Furthermore Equation (2.3) represented the 
upper bound strength.  El-Tawil et al. suggested that the 80% factor should not be used 
for the design of exterior connections. 
Chi and Deierlein investigated the fracture toughness demands in welded beam-to-
column moment connections (Chi  1997, Deierlein  1999, Chi et al, 2000).   Detailed 2-D 
and 3-D finite element analyses were used to study fracture potential of a typical pre-
Northridge connection with built-in weld root flaws.  The analysis concluded that 
connections with backing bars left in place and fabricated with low toughness filler metal 
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are likely to fracture from the weld root at or below the plastic moment.  Removal of the 
backing bar and reinforcement with a fillet weld are not enough to prevent premature 
fracture when low-toughness filler metal is used. The analyses also concluded that large 
panel zone deformation in connections with weak joint panels can roughly double the 
fracture toughness demands compared with connections with strong panel zone. This 
suggested a re-evaluation of the current AISC Seismic Provisions (1997) which does not 
provide a performance criteria to limit panel zone deformations. The analyses provided 
evidence that with a high toughness filler metal, significant detailing improvements, such 
as backing bar removal, slight overmatching of weld strength and limited panel zone 
shear deformations would enable connections to achieve the target inelastic rotation of 
0.03 radians prior to weld root fracture.  
 
2.3 Current Seismic Design Criteria for Welded Unreinforced Flange Moment 
Connections  
 
Current criteria contained in FEMA 267b (FEMA 2000) and AISC LRFD seismic 
provisions (1997) include provisions for continuity plates, panel zone strength, weld 
access hole size and geometry.  Below is a review of these criteria. 
 
2.3.1 Continuity Plates Requirements 
 
The pre-Northridge Earthquake AISC seismic design requirements (AISC 1992) 
required that continuity plates be used if 
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Where tcf, tfb, bfb, Fyc, and Fyb are equal to column flange thickness, beam flange 
thickness, beam flange width, yield stress of column and beam, respectively.  Equation 
(2.5) is based on strength requirements, where yield line theory was used to determine the 
force required to form a local flange bending mechanism in the column flange (Graham 
et al. 1960).  A factor of 1.2 was applied in order to account for the strain hardening and 
over strength. 
Because the reasons for pre-Northridge beam-column weld connection fractures 
are still not fully understood, there has subsequently been a tendency to be conservative 
in the design and detailing of continuity plates until further research is provided for better 
guidance.  
The 1997 AISC Seismic Provisions required a more restrictive criterion for 
continuity plates, requiring instead that they be proportioned to match those provided in 
the tests used to qualify the connection.  The use of continuity plates is recommended in 
all cases unless tests have shown that other design features of a given connection are 
effective in reducing or redistributing flange stresses that the connection performs 
satisfactory without them.  As a part of ongoing research efforts, the SAC Joint Venture 
has published interim guidelines and an advisory (FEMA, 1995b, 1997a) that pertain to 
these column reinforcements.  The guidelines require continuity plates in all moment 
connections. The continuity plates are required to be at least as thick as the beam flange 
and be joined to the column flange in a way that fully develops the strength of the 
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continuity plate.  This encourages the use of complete joint penetration groove welds, but 
does not eliminate double-sided fillet welds or double-sided partial joint penetration 
groove welds with fillet reinforcement. 
 
2.3.2 Panel Zone Strength Requirements 
 
The 1997 AISC Seismic Provisions (AISC, 1997) includes two design equations 
for panel zones in SMRFs and Intermediate Moment Resisting Frames (IMRFs). The first 
specifies the shear strength of the joint panel and the second places a limitation on panel 
zone slenderness. These panel zone design criteria, as given by the 1997 AISC LRFD 
Seismic Provisions, are shown below as Equations (2.6) and (2.7). 
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where: 
Vn = nominal panel zone shear strength 
Fyc = column yield strength 
bcf = column flange width 
tcf = column flange thickness 
dc = column depth 
db = girder depth 
tp = panel zone thickness 
 ( ) 90/ w dt zz +³  (2.7) 
where: 
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t = column web or doubler plate thickness, or total thickness if doublers are plug welded 
dz = panel zone depth 
wz = panel zone width 
The panel zone shear strength criterion (Equation (2.6)) is based on research of 
Bertero, Krawinkler and Popov in the 1970s (Krawinkler et al. 1975; Krawinkler 1978).  
The first term of Equation (2.6) is the strength of the column web and the second term is 
due to the contribution of column web due to strain hardening.  It should be noted that 
this testing was conducted on very small member sizes (W8 column sections with either 
W10, W12 or W14 beam sections).   
Historically, the most common opinion regarding panel zone yielding has been 
that it is beneficial when limited, but undesirable when it becomes excessive.  Panel zone 
design is an issue related to the relative strength of the panel zone, girders, and columns.  
The 1994 Northridge earthquake caused the engineering community to question most 
aspects of connection design, including the design of panel zones.   
 
2.3.3 Weld Access Hole Geometry Requirements 
 
The minimum weld access hole sizes provided in Figure C-J1.2 from the current 
AISC LRFD Specification (1993) are required to provide increased relief from 
concentrated weld shrinkage strains, to avoid close juncture of welds in orthogonal 
directions, and to provide adequate clearance for the exercise of high quality 
workmanship in hole preparation, welding, and ease of inspection.  The recommended 
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minimum weld access hole geometry from the AISC-LRFD Specification is shown in 
Figure in Figure 2.16. 
2.3.4 Web Attachment Provision 
 
If the nominal flexural strength of the flange is less then 70 percent of the nominal 
flexural strength of the entire section, further supplemental welding of beam web was 
required by the 1992 AISC Seismic Provisions (AISC 1992). The supplemental fillet 
welds were required to have a nominal design strength of at least 20% of the nominal 
moment strength of the full beam web. 
The revised 1997 AISC-LRFD Provision required that connection design to be 
tested to demonstrate the ability to achieve ductility. 
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Figure 2.1  Ductility vs. beam depth for pre-Northridge connection (FEMA 1999) 
 
 
 
 
Figure 2.2  CVN test data for various filler metals  (Kaufmann 1997) 
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Figure 2.3  Typical pull plate specimen (Ricles et al. 1999) 
 
 
Figure 2.4  Summary of pull plate specimen performances (Ricles et al. 1999) 
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Figure 2.5  Connection test assembly (Lu et al. 1997) 
 
 
 
 
(a) Specimen A-2                                        (b) Specimen A-3 
 
Figure 2.6  Hysteresis loops of Specimens A-2 and A-3 (Lu et al. 1997) 
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Figure 2.7.  Stable crack at access hole of Specimen A-4 (Lu et al. 1997) 
 
 
 
 
Figure 2.8  Typical connection specimen details (Stojadinovic et al. 2000)  
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Figure 2.9  Geometry of flange crack (Stojadinovic et al. 2000)   
 
 
(a) Fracture at the top flange of Specimen 7.1 
 
 
(b) Fracture at the bottom flange of Specimen 5.1 
 
Figure 2.10  Close up of fatigue crack initiated at the weld toe of Specimens 7.1  
and 5.1 (Stojadinovic et al. 2000)   
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Figure 2.11  Connection details for Specimen NSF-3 (Engelhardt 2000) 
 
 
 
Figure 2.12  Photo of weld access hole before testing of Specimen NSF-3 
 (Engelhardt 2000) 
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Figure 2.13  Fracture at top flange of Specimen NSF-3 (Engelhardt 2000) 
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Figure 2.14  Beam plastic rotation of connection specimens with notch tough electrode  
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Figure 2.15  Weld access hole configurations (El-Tawil et al., 1998)   
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Figure 2.16  Weld access hole and beam cope geometry (AISC-LRFD 1995)   
AISC-LRFD: 
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CHAPTER 3 FINITE ELEMENT ANALYSIS
3.1 Model Description
The finite element study involved modeling the connections with member sizes
similar to those that were included in test matrix. The general-purpose nonlinear finite
element analysis (FEA) program ABAQUS (1999) was used to develop 3-D models of
welded unreinforced flange moment connections.
The test setup for the connection specimens is shown in Figure 3.1.  Idealized
models of the test setup for the exterior and interior connection specimens are shown in
Figure 3.2. The span length from the column center line to the beam reaction was 177
inches, and the length between the actuator at the top of column and the pin at the bottom
of the column was 156 inches. The beams and column, as well as the connection
attachments (i.e., shear tab, bolts, continuity plates, doubler plates and grooved welds)
were modeled using a eight-node brick element with standard integration (element C3D8
in the ABAQUS element library). The three-dimensional finite element global and a sub-
model of an exterior connection are shown as Figure 3.3.  The entire beam and column
sections were included in the global model in order to include the dissymmetry due to the
local buckling under plastic deformation and the eccentricity of the shear tab.  The global
model was composed of 14 elements across the 12 inch wide beam flange and 2 elements
through the 0.94 inch thick beam flange. The mesh had a total of approximately 7,200
brick elements and 13,100 nodes, resulting in 37,000 degrees of freedom. A sub-model of
the access hole region was developed in order to obtain results that were sufficiently
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accurate to enable the ductile fracture potential of the various access hole configurations
and sizes to be performed. The sub-model analysis utilized directly the results of the
global analysis as boundary condition for the edges of the model. The mesh for the sub
model was comprised of approximately 6,200 brick elements, 7,800 nodes, and 24,000
degrees of freedom. The sub-model had 26 elements and 6 elements through the width
and thickness of the beam flange, respectively. Six elements were used through the
thickness of the beam web and four elements through the thickness of the column flange.
Geometric and material non-linearities were included in the analyses and are described
later.
The finite element model for the interior connection was derived from the exterior
connection model and is shown in Figure 3.4. Due to limitations in computer capacity the
portions of the beams and column of the interior connection known to remain elastic were
modeled using a beam-column element to reduce the number of the degrees of freedom.
Multiple point displacement constraints were applied at the interface of the beam-column
element and adjacent brick elements to maintain compatibility between the two types of
elements.  The global model and sub-model had similar mesh density as the exterior
connection model. The mesh for the global model of the interior connection had a total of
approximately 49,000 degrees of freedom.  Fourteen brick elements were used across the
12 inch wide beam flange and 2 elements through the 0.94 inch thick beam flange. The
sub model had 32 brick elements and 6 brick elements through the width and thickness of
the beam flange, respectively. Six brick elements were used through the thickness of the
beam web, and 4 elements were used through the thickness of the column flange. The
mesh for the sub-model was comprised of approximately 46,000 degrees of freedom.
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The boundary conditions for the global models consisted of roller boundary
conditions at the ends of each beam, a pin boundary condition at the bottom of the
column where all displacement and rotation, except for that about the axis normal to the
plane of Figure 3.2, were restrained.  Out-of-plane movement of the beam and column
members was restrained at their flanges at 120 inches from column center line, and at the
top of the column to simulate the lateral bracing.
3.1.1 Elastic Convergence Study
It is well known that finite element analysis results are sensitive to the type of
elements as well as the mesh size and orientation used in the model. An elastic mesh
convergence study was performed for the purpose of selecting a suitable brick element
and to determine the required amount of mesh refinement for the connection models.
The study included three types of an 8-node brick element: (1) a brick element with
incompatible deformation modes (C3D8I element); (2) a brick element with reduced
integration (C3D8R element); and (3) a brick element with standard integration (C3D8
element).
The area of interest in the connection analyses is primarily near the column-beam
flange interface, where fracture occurred in either the weld metal or base metal near the
beam flange groove welds. The elastic convergence study was therefore conducted on the
sub-structure shown in Figure 3.5.  The sub-structure represents the connection between
the lower flange of a beam and a column without continuity plates. The brick element
models are based on similar models by El-Tawil et al. (1998).  The beam web was
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omitted in the model.  The plates that made up the cross-section of the beam and column
were 10 inches by 5 inches wide, respectively, and 1 inch thick.  A uniformly distributed
load of 250 kips was applied at the right end of the beam flange plate.  The model was
supported along the left vertical edge of the column web plate.
A number of cases showing different mesh densities used in the convergence
study are shown in Figure 3.5.  The deformed shape shows significant bending action of
the column flange.
Convergence was studied through an examination of the stress distribution at the
interface between the beam flange and the column flange.  The longitudinal stress of the
beam flange is plotted as a function of location along the interface across the beam flange
width in Figure 3.6.  The results in Figure 3.6 included models with one, two, and four
elements through the column flange thickness.  An examination of Figure 3.6 shows that
a stress concentration exists at the center of beam flange.  This phenomenon is due to the
higher stiffness at the center of the beam flange from the presence of the column web.
The most accurate element used in the study by El-Tawil et al (1998) was found
to be the brick element with incompatible modes (i.e., element C3D8I).  Results are
shown in Figure 3.6 for a different number of elements through the column flange
thickness.  Except for the reduced integration element, the results of each element type do
not appear to be sensitive to the member of elements through the column flange
thickness.  The comparison between the different types of element and the density of
element mesh is shown in Figure 3.7. As shown in Figure 3.7 the reduced integration
brick element (C3D8R) always has a higher stress at the center of the beam flange than
the other two types of elements.  The peak stress is over 30% higher than the peak stress
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determined using the C3D8I or C3D8 elements when only one element layer was used
through the column flange thickness (see Figure 3.7(a)).  It is very clear that C3D8R
elements are more sensitive to the density of the element mesh. The regular brick element
(element C3D8) was found to provide reasonable agreement with the results of the
C3D8I elements, and not be as sensitivity to mesh refinement as the C3D8R element. The
C3D8I elements required more computational effort than the other elements since they
need a larger amount of high disk space and computer processing.
For computational efficiency the C3D8 element was therefore used in conjunction
with sub-modeling to obtain the required accuracy in stress and strain near the access
hole region and beam flange groove weld.  The sub-model has a much more refined mesh
than the model used for the elastic convergence study (see Figure 3.3(b) and 3.4(b)). The
mesh sizes for the sub-model were described previously.  The mesh sizes for both the
global and sub-models were based on considering computer limitations that constrained
the maximum number of degrees of freedom in a model and the need for greater accuracy
near the access hole region.
3.1.2 Material Properties
For the beams, column, shear tab, doubler plates and continuity plates, Grade 50
steel was assumed.  Figure 3.8 shows the nominal Gr.50 steel stress-strain curve used for
the monotonic load analysis (Salmon et al. 1996).  The stress-strain curve for cyclic
analyses is shown in Figure 3.9, which was obtained from Grade 50 material cyclic
coupon tests conducted by Kaufmann et al. (1999).  The monotonic stress-strain
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relationship for the E70TG-K2 filler metal used in the models is shown in Figure 3.10
and was obtained from tensile coupon tests.  The stress-strain curve for the cyclic
analysis was based on modifying the Grade 50 steel cyclic relationship, where the initial
loading response and fully saturated condition was based on the properties in Figure 3.10.
The stress-strain relationship was used in conjunction with the assumption that the
material was a von Mises material and followed the associated flow rule. The hardening
model used in the analysis included combined nonlinear isotropic and kinematic strain
hardening. The engineering stress-strain curves reported in the material tests were
adjusted to establish true stress - true plastic strain curves, where:
σ σ εtrue = +( )1 (3.1)
ε ε
σ
pl E
= + −ln( )1 (3.2)
In Equations (3.1) and (3.2), σtrue  and εpl  are the true stress and plastic strain,
respectively,  and σ andε  are the nominal stress and strain, respectively, and E is the
modulus of elasticity.
3.1.3 Loading Protocol
The analyses are conducted by either applying monotonic increasing static
displacement or cyclic variable amplitude displacement at the top of the column.  The
cyclic displacement amplitude followed the SAC load protocol.
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3.1.4 Stress and Strain Indices
A number of different stress, strain, and combined stress-strain indices were
computed from the finite element results in order to compare the behavior of the different
connection configurations, and to access the effect of the parameters on behavior. Some
of the stress and strain indices used by El-Tawil et al, (1998) were also used in the
present study, and are described below.
Pressure Index: defined as the ratio of hydrostatic stress σm to the yield stress
σy , where.
PI m y= σ σ/ (3.3)
The hydrostatic stress σm  is defined as follows:
σ σm ijtrace= −
1
3
( ) (3.4)
where σij  are the Cauchy stress components, and i, j represent the global
directions, i = 1,2,3, and j = 1,2,3.  The pressure index and hydrostatic stress are negative
valves for tensile hydrostatic stresses.  A high tensile hydrostatic stress is usually
accompanied by large principal stresses. When a crack or some other type of flaw exists,
the high principal stresses can result in large stress intensity factors at the crack tips,
which increase the potential for brittle fracture.
PEEQ Index: defined as the ratio of effective plastic strain PEEQ to the yield
strain εy .
PEEQ Index = PEEQ y/ ε (3.5)
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The PEEQ index is a measure of local ductility.  The effective plastic strain PEEQ
is defined as:
PEEQ ij
p
ij
p
=
2
3
ε ε (3.6)
where εij
p  are the plastic strain components in directions i and j.
Von Mises Stress Index: defined as the ratio of Von Mises stress to the yield
stress,
MSI eff y= σ σ/ (3.7)
The von Mises Stress σeff  is defined as:
σeff ij ijS S=
2
3
(3.8)
where Sij  are the deviatoric stress components such that Sij ij m ij= +σ σ δ .
Rupture Index: defined as the ratio of the PEEQ index to the ductile fracture
strain ε f  multiplied by the material constant α, where
Rupture Index (RI) = α
PEEQ/ε y
ε f
=
PEEQ/ε y
exp – 1.5
σm
σ eff
(3.9)
Where σm  and σeff  were defined previously as the hydrostatic and von Mises stresses,
respectively.
Triaxiality Ratio: defined as the ratio of hydrostatic stress σm  to von Mises stress
σeff ,
TR m eff= σ σ/ (3.10)
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A high value of TR (0.75<TR<1.5) can cause a large reduction in the rupture strain.
Values of TR greater than 1.5 can result in brittle behavior (LeMaitre 1996).
Equation (3.9) can be used to compare the potential for ductile fracture of two
locations by comparing the values of their rupture index. Research by Hancock and
Makenzie (1976) has shown that this criterion is accurate for the three different types of
steels that they tested. The failure strain depends on the direction of rolling, initial
imperfections, and accumulated strain at the potential failure point.
3.2 Model Verification
In order to verify the selected element type and mesh density, a finite element
model is generated to simulate Specimen PN2, which was one of the SAC Phase I series
of specimens test by Popov et al. (SAC 1996). The specimen was an exterior connection
that consisted of a W36x150 beam and W14x176 column and represented a typical pre-
Northridge connection fabricated with E70T-4 weld metal with the backing bar
remaining in place.  A supplement fillet weld was applied at the beam web to satisfy the
requirement by design criteria when the beam flange plastic modules is less than 70% of
the total plastic section modulus (see Figure 3.11(a)). The set-up and loading history of
Specimen PN2 are shown in Figures 3.11(b) and 3.11(c). The specimen fractured in the
weld metal of the bottom beam flange at the second cycle of 2% radians (SAC, 1996).
Figure 3.12 shows the global model and a sub-model that was used to model the bottom
flange tension zone to obtain accurate stress and strain results. Brick element type C3D8
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was used for both the global and local models. The mesh density is similar to that for the
models used to analyze the SAC Subtask 7.05 test specimens. The supplemental weld
between the shear tab and beam web was simulated using multiple point displacement
constraints. The initial flaw size is assumed as 1/8 inch at the interface of the weld metal
and the column face, and is based on the study of Fisher et al. (1997), where they
suggested that the typical initial flaw size is 1/8 inch for this joint detail having E70T-4
with the backup bar remaining in place. The material properties were based on the SAC
test summary report (SAC, 1996). Cyclic displacements were applied at the end of beam
following the displacement history imposed.
The experimental and finite element analysis results are shown in Figure 3.13.
The finite analysis results show good agreement with the experimental results. The initial
stiffness is 150 kips/in and 151 kips/in for the test and analysis, respectively, where the
maximum load is 195 kips and 192 kips for the test and analysis, respectively. The
corresponding total plastic rotation is 0.34 radians and 0.35 radians for test and analysis,
respectively. It was reported that Specimen PN2 fractured at the conjunction of column
flange and beam bottom flange. The analysis also shows that the location of highest
fracture potential was located at the column flange and beam bottom flange conjunction,
where the strain and stress indices are highest.  The details will be presented at Chapter 5
in conjunction with discussion low-cycle fatigue failure.
The comparison between the test and finite element analysis indicates that current
finite element model can be used to do the connection parametric study.  The current
finite element model is able to provide an accurate result for the stress and strain
distribution as well as to predict the location with the highest fracture.
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3.3 Parameter Studies
As discussed previously in Chapter 1, the finite element models were used to
investigate the effects of four variables on inelastic response of a welded unreinforced
flange moment connection.  These variables included: (1) welded access hole size and
geometry; (2) beam web attachment detail; (3) panel zone capacity; and (4) column
continuity plate requirements. A parametric study was conducted using the finite element
models in order to develop a better understanding of the effects of these variables on the
behavior of a welded unreinforced flange moment connection and to develop improved
details that would enhance the ductility of the connection.
3.3.1 Weld Access Hole Geometry and Size
The objective of the investigation was to determine the best configuration of the
access hole that minimized the plastic strain demand at the hole region and reduced the
potential for fracture initiation. The primary geometrical parameters in the investigation
were the overall length of the weld access hole, length of the flat portion of the access
hole, slope of the access hole and diameter of the access hole.
The access hole study utilized the exterior connection model consisting of a
W14x311 column with a W36x150 beam. The shear tab was assumed to be shop welded
to the column flange using a fillet weld. In addition, it was assumed that the beam web
was welded directly to the column flange with a full-length groove weld and that
supplementary fillet welding was placed along the edges of the shear tab. Continuity
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plates of the same thickness as the beam flange ( i.e., 1 inch) were used in analysis.  No
doubler plate was used in the column panel zone since it was not required per the AISC
Seismic Provisions (1997). A monotonic static load was applied to the top of column to
reach 3% radians of total plastic story drift.
Nine different weld access hole configurations were investigated. These
configurations are shown in Figure 3.14, and included:
(1) standard access hole (minimum size permitted by AISC )
(2) no access hole  (in spite of AISC and AWS requirements)
(3) 2 inch long standard access hole
(4) 5 inch long standard access hole
(5) 3 inch long access hole, Type-I
(6) 3 inch long access hole, Type-II
(7) 3 inch long access hole, Type-III
(8) 2 inch long access hole, Type-I
(9) 2 inch long access hole, Type-II
The standard access hole is the minimum hole size for rolled sections permitted
by the AISC-LRFD specification. The diameter of the circular portion of the hole is 3/4
inch with a length equal to or greater than 1.5 times the thickness of the beam web (see
Figure 2.11). The size and geometry of the other configurations were developed from the
standard hole with the intent to minimize the plastic strain demand and reduce the
potential for fracture of the beam flange near the hole region. The diameter of the holes in
all the configurations was 3/4 inch, which is the smallest diameter that still permits
proper welding of the beam flanges.
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All of the results were obtained by using the sub model in conjunction with the
global model to ensure adequate mesh refinement in the access hole region (see Figure
3.3 (b)). Figure 3.15 shows selected results for longitudinal stresses, σ11, selected along
the centerline of the top and bottom faces of the tension flange. These results have been
normalized by the yield stress Fy of the steel.  In Figure 3.15 the selected access hole
configurations are noted by their number.  Configuration (1), which is the standard access
hole, has the highest longitudinal stresses as shown in Figure 3.15. Figure 3.16 shows the
normalized longitudinal stresses, σ11/Fy, and the effective plastic strain index, PEEQ/εy,
across the width of the beam tension flange at the toe of the access hole (point A in
Figure 3.14), where again the standard access hole configuration is seem to impose the
largest demand. Contour plots of the PEEQ, von Mises stress, hydrostatic stress and
vector plot of principle stress of the standard access hole and Configuration (6) referred
to also the modified access hole are shown in Figures 3.17 and 3.18, respectively. These
figures show the concentration of inelastic plastic strain demand and large hydrostatic
stress that develops near the toe of the access hole. These results imply that this location
has the highest potential to develop fracture, and is at the same location where fractures
were observed in previous test specimens with a standard access hole and notch-tough
beam flange complete joint penetration groove welds.
In Configurations (1), (2), (3), (4), and (5) the maximum PEEQ index value
occurs at the root of the hole, while in Configurations (6), (7), (8), and (9) the maximum
value occurs is at a point on the arc of the access hole. The location where the maximum
PEEQ index develops is shown in Figure 3.14 for each access hole configuration.  A
summary of the maximum PEEQ indices of all nine configurations studied is given in
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Figure 3.19.  Note that the PEEQ index of the standard access hole (Configuration (1)) is
twice that of Configuration (6), which appears to be the best configuration. The principal
stress vector plot for the standard and modified access hole (Figure 3.17(e) and 3.18(e))
show that in the former case that at the root of the access hole that these is a sudden
change in the direction of the principal stress.  This is not the case for the modified access
hole.  The corresponding triaxiality ratio, TR, and rupture index, RI, for the standard
access hole (Configuration (1)) and modified access hole (Configuration (6)) at the
location of the maximum PEEQ index are shown in Figure 3.20.  The triaxiality ratio and
rupture index for all of the configurations were between 0.55 to 0.62, and 114 to 255,
respectively.  Configuration (6) had the smallest triaxiality ratio and rupture index
implying that it has the smallest potential for fracture amongst the different access hole
configurations.  The ratio of rupture index of Configuration (6) to Configuration (1) is
0.45.  A comparison of the contour plots of the PEEQ and hydrostatic stress for the
standard and modified access holes (see Figures 3.17(b) and 3.17(d), and 3.18(b) and
3.18(d)) shows the reduction in concentration and magnitude of the PEEQ and
hydrostatic stress that occurs when the modified access hole (i.e., Configuration (6)) is
used for the weld access hole.
Access hole Configuration (6) was therefore used in the specimens of the
experimental study and will be referred to there after as the “modified access hole”.
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3.3.2 Beam Web Attachment
Four different beam web attachment details were studied.  These included a
bolted web and a welded web, as shown in Figure 3.21 and summarized in Table 3.1.
The models all had the access hole geometry and size based on the modified access hole.
In the bolted web model the bolt web was assumed to bear against the bolt hole, therefore
the additional demand from bolt slippage was not included in the analyses.  All cases had
continuity plates and no doubler plate.  The root opening of the beam flange complete
penetration groove welds was ½ inch. The details of the four different web attachment
detail are given below.
(a) Welded web: a complete penetration groove weld at the beam web-to-column
interface, as well as a supplemental fillet weld along the edges of the shear
tab, as shown in Figure 3.21 (a).
(b) Welded web: a complete penetration groove weld at the beam web-to-column
interface, as shown in Figure 3.21 (b).
(c) Welded web: a supplemental fillet welds on the shear tab, as shown in Figure
3.21(c)
(d) Bolted web: ten 1 inch diameter A325X shear bolts connecting the beam web
to shear tab with no supplemental weld, as shown in Figure 3.21(d).
A monotonic static load was applied to the top of the column to reach 3% radians
of total plastic rotation.  The results of the analyses are summarized in Figure 3.23 and
show the PEEQ index, triaxiality ratio, and rupture index at the weld access hole region,
the edge and middle of the interface of the weld metal and base metal of the beam flange,
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and the edge of beam web.  These locations are identified in Figure 3.22, and were the
locations having the greatest potential for fracture.
Figure 3.23(a) shows that the web attachment detail associated with Case (c) (i.e.
fillet welded beam web to shear tab detail) has the overall largest PEEQ index, which
occurs at the edge of the beam web weld.  The PEEQ index is shown to be largest at the
edge of the beam flange for Cases (b) and (d) (i.e., groove welded beam web and bolted
beam web, respectively).  For Case (a) (groove welded beam web) the largest value for
PEEQ index is at the edge of the web weld, but is reduced by a factor of 1.73 compared
to Case (c).
The triaxiality ratio for all cases is shown to be largest at the edge of the web
weld, or shear tab fillet weld as in Case (d).  The restraint by the groove web weld and
supplemental fillet welded in Case (a) resulted in the largest triaxiality ratio.  The
corresponding rupture index for the four cases shows Case (c) to have the largest index,
occurring in the shear tab to column flange fillet weld.  The rupture index for Case (a) is
also large at the beam web groove weld, with other location for Case (a) and (c) being
relatively small.  The rupture index at the edge of the beam web is over 3 times that at the
beam flange for those two cases.  All locations for Cases (b) and Case (d) are also
relatively small.  Case (a) is shown to have the smallest PEEQ and rupture index at the
beam flange weld metal interface.
The location with the greatest potential for fracture is therefore at the edge of
shear tab, beam web weld (Case(a)) or shear tab fillet weld (Case(c)). A high value for
the triaxiality ratio and large rupture index imply that brittle fracture may occur at the
critical location. The fracture of beam web will change the stress/strain distribution
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pattern and put more demand on the beam flanges and demote the performance of the
connection. For all of the above four cases no doubler plate existed. The ratio of panel
zone shear force-to-panel zone shear capacity (Vpz/Vp) is 0.85, where Vpz and Vp are the
panel zone shear force when the beam moment at the face of the column is equal to the
beam flexural capacity Mp, and the panel zone shear capacity based on the column web
(i.e., Vp = 0.6Fycdctp), respectively.  As will be discussed next, the high local strain at the
edge of the shear tab or beam web groove weld is caused by the weak panel zone.
3.3.3 Panel Zone Capacity
Increasing its strength, which results in the reduction of the inelastic deformations
in the panel zone, reduces the overall deformations of the panel zone. In order to
investigate the panel zone strength requirement, two additional cases were studied for the
exterior connection having a groove welded beam web with supplemental fillet welds
(i.e., Case(a)).  These resulted in the following three cases: (1) no doubler plate; (2) one
0.5 inch thick doubler plate; and  (3) one 1.0 inch thick double plate.  The corresponding
Vpz/Vp ratio for these three cases was 0.85, 0.63 and 0.50, respectively. The contour of
PEEQ are shown in Figure 3.24, where Figure 3.24(a) is the case with no doubler plates
and Figure 3.24(b) is the case with a 1.0 inch double plate.  The largest PEEQ is reduced
at the edge of the beam web groove weld when the panel zone strength is increased.
Figure 3. 24(b) shows that a large portion of beam is yielded compared to when the panel
zone is weak (i.e., Figure 3.24(a)). Figure 3.25 summarizes the PEEQ index, triaxiality
ratio and rupture index related to the column panel zone strength at the interface of the
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weld and base metal of beam flange, at the edge of shear tab or beam web groove weld,
and at the weld access hole region.  With the panel zone strength increasing (i.e., when
Vpz/Vp becomes smaller), the stress-strain status at the beam flange and weld access hole
region is shown to only slightly change.  However, the plastic strain (PEEQ) and rupture
index significantly decreased at the beam web.  These results indicate that connections
with a strong panel zone should have less fracture potential and better performance than
those connections with a weak panel zone.  A strong panel zone is therefore
recommended for the design of welded unreinforced flange beam-to-column connections.
3.3.4 Thickness of Continuity Plates
To investigate the effects of continuity plates on behavior of welded exterior and
interior beam-to-column connections. Fourteen different cases were analyzed, and are
included in the analysis matrix shown in Table 3.2.  All cases had the same W36x150
beam section. Three different column sizes were included in the analysis matrix:
W14x311; W14x398; and  W27x258.  A W14x398 section in considered to have a stiff
flange associated with deformation caused by the beam flange tension force, whereas the
W27x258 is more flexible.  The intermediate case is that associated with the W14x311.
The beam flange width-to-column flange thickness ratio for these columns in
combination with the W36x150 beam are 4.2, 6.8 and 5.3.  The beam web attachment
detail in all of the analyses consisted of a groove welded beam web with supplemental
fillet welds (i.e., Case (a) shown in Figure 3.21(a)). All connection configurations
satisfied the requirement of AISC Seismic Design Provisions for panel zone strength and
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column strength relative to the beam strength (see Equations (2.6) and (2.7) of Chapter
2). Monotonic and cyclic displacements, respectively, were applied horizontally to the
top of the column in the models to achieve the target displacement of 5% radians of total
story drift.
3.3.4.1 Exterior Connection with a W14x311 Column
The first five analyses cases shown in Table 3.2 (i.e., Case 1 through 5) are
related to an exterior connection to a W14x311 column. The beam flange thickness tf,bm
was 0.94 inch, hence cases with a continuity plate of 1.0 inch satisfied the FEMA 267b
Interim Guideline (FEMA, 1995b, 1997a).  No doubler plates were included in the
exterior connection models since they were not required in accordance with AISC-LRFD
seismic design criteria.  The panel zone shear force-to-panel zone shear strength ratio
(i.e., Vpz/Vp) was therefore equal to 0.85. Case 3, having 1.0 inch thick continuity plates,
resembled Specimen T1 of the experimental test matrix, which will be discussed in
Chapter 4.
The effective plastic strain, von Mises stress, and hydrostatic stress at the
interface of the weld and base metals are shown plotted in Figure 3.26(a) across the beam
flange for analyses involving monotonic load.  Two analysis cases are shown, and
included a case with and without continuity plates.  The results indicate that the
continuity plate reduces the effective plastic strain by 12% at the center of the flange.
However, the PEEQ is shown to be larger and increase near the edges of the beam
flanges with the use of continuity plate.  A similar trend is also found for the von Mises
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stress profile.  On the contrary, the restraint caused by the use of continuity plates is
shown to increase the hydrostatic tensile stress at the center of the beam flange, opposite
the column web.  The cyclic analysis results are shown in Figure 3.26(b), which included
cases for: no continuity plate; 0.5 inch thick continuity plates, and 1.0 inch thick
continuity plates. The accumulated PEEQ is shown, in addition to the distribution of von
Mises stress and hydrostatic stress across the beam flange.  The latter two results are at
5% drift. These results show a different trend than the cases involving monotonic
loading. The maximum accumulative PEEQ occurs at the middle of the flange opposite
the column web.  The maximum accumulated value of the PEEQ is shown not to change
when reducing or removing the continuity plate. Observations of test specimen behavior
appeared to correlate behavior with the cyclic analysis results, where small cracks at the
fusion line would appear in the middle of the beam flange.  These cracks appeared to be
due to low-cycle fatigue caused by the effect of the accumulation of plastic strain. The
results imply that the interior FEMA guideline, which would require continuity plate with
a full beam flange thickness, could probably be relaxed.
3.3.4.2 Interior Connection with a W14x398 Column
The analysis cases involving an interior connection to a W14x398 column
included Cases 6 through 9 in Table 3.2.  These analysis cases involved connections with
one inch thick continuity plates and no continuity plate, respectively.  Two-¾ inch thick
doubler plates were added to both sides of the column panel zone to increase the panel
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zone shear capacity.  The corresponding Vpz/Vp ratio was equal to 0.69.  Cases 8 and 9
resembled Specimens C2 and C1 of the experimental test matrix.
The monotonic analysis results are shown in Figure 3.27(a).  It was found that the
continuity plates reduce the maximum PEEQ at the center of beam flange by over 10%.
The maximum value for PEEQ however was near the edges of the beam flanges. A
similar trend was also found for the von Mises stress profile, where the maximum values
existed at the edges of the beam flanges.  On the contrary, the restraint caused by the use
of continuity plates was found to increase the hydrostatic tensile stress at the center of the
beam flange, opposite the column web.  The cyclic analysis results are shown in Figure
3.27(b).  These results show a different trend than the monotonic loading cases. The
maximum accumulative PEEQ occurs at the middle of the beam flange, opposite the
column web.  The value of maximum accumulated PEEQ is shown not to change when
removing the continuity plates.  The von Mises stress is the same for both cases, (i.e.,
connection with and without continuity plates and constant across the beam flange. The
hydrostatic stress is shown to be approximately a constant value at the middle of beam
flange for both cases.  Continuity plates are shown to have no effect on the hydrostatic
stress.
The cyclic analysis results, which are felt to be more representatives of
connection response to earthquake loading, indicated that continuity plates are not
effective in reducing the fracture potential (at center of beam flange), and are therefore
not needed.  This suggests that current FEMA interim guidelines (1995b, 1997a), which
would require continuity plates, could be relaxed.
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3.3.4.3 Interior Connection with a W27x258 Column
The analysis cases involving an interior connection to a W27x258 column
consisted of Cases 10 through 14 in Table 3.2.  The analysis cases involved: no
continuity plate; 0.5 inch thick continuity plates; and 1.0 inch thick continuity plates that
were nearly the same thickness as the beam flange.  Two-5/8 inch thick doubler plates
were added to the both sides of the column panel zone to increase the panel zone shear
capacity.  The corresponding Vpz/Vp ratio was equal to 0.74.  Cases 12 and 14 resembled
Specimens C3 and C4 of the experimental test matrix.
The monotonic analysis results are shown in Figure 3.28(a).  It was found that the
continuity plates reduce the PEEQ at the center of beam flange by over 20%.  The
maximum PEEQ however, was near the edges of the beam flanges. A similar trend was
also found for the von Mises stress profile.  On the contrary, the restraint caused by the
continuity plates is shown to increase the hydrostatic tensile stress at the center of the
beam flange, opposite the column web.  The cyclic analysis results are shown in Figure
3.28(b).  As in the previous analysis, these results show a different trend than the
corresponding monotonic loading cases.  The maximum accumulative PEEQ occurs at
the middle of the beam flange opposite the column web.  The maximum value of
accumulated PEEQ is shown to significantly change when removing the continuity
plates.  However, the maximum PEEQ at the middle of the beam flange is shown not to
change when using 0.5 inch thick of continuity plates.
Continuity plates with a thickness of the half of beam flange thickness (i.e.,
continuity plates of 0.5 inch thickness) are shown to be as effective as a continuity plate
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of a full beam flange thickness in reducing the maximum PEEQ and stress state. These
results suggest that current FEMA interim guidelines (FEMA 1995b, 1997a) could be
relaxed, which would require continuity plate with the thickness of the beam flange.
Figure 3.29 shows a plot of the summary of the maximum accumulated effective
plastic strain PEEQ and triaxiality ratio, and rupture index at the center of the beam
flange as a function of the beam flange width-to-continuity plate thickness (bf,bm/tc). The
triaxiality ratio and rupture index were computed using the stress-strain state at the peak
displacement during the 5% drift cycle of the cyclic analysis.  These results suggests that
continuity plates are not required when the bf,bm/tc ratio is less than 5.2 since there is no
appreciable difference when continuity plates are used. Continuity plates of half thickness
are shown to be effective in reducing the demand when the bf,bm/tc ratio is between 5.2
and 7.  These results are based on the FEM analysis with a W36x150 beam.  Additional
studies are necessary to investigate the behavior of connections having different beam
and column sizes than those included in the current study.  The development of a revised
criterion for continuity plate requirements is presented in Chapter 6.
3.4 Summary and Conclusions
Based on the parametric study involving the finite element analysis, the key
conclusions and recommendations are noted below. The results and conclusions
presented are based on studies on an exterior and interior connection with W36x150
beams. Further research is necessary to investigate the behavior of connections having
different details and member section sizes to offer more general recommendations.
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(1) In numerous previous connection tests with notch tough beam flange welds, fracture
initiating at the toe of the weld access holes was observed. An effort was made to
study the influence of access hole geometry and size on the potential of ductile
fracture initiation near the holes. Nine different access hole configurations were
included in the study.  The results indicate the importance of selecting a proper weld
access hole configuration. The particular configuration shown as Configuration (6) in
Figure 3.14 is recommended.
(2) Four different beam web to column flange attachment details were evaluated the
beam web attachment detail was found to have a significant affect in the fracture
potential of the beam flanges near the weld fusion line.  Based on the analysis results
a detail consisting of a full penetration groove welded beam web in conjunction with
supplemental fillet welds on the shear tab is recommended. The effective plastic
strain and triaxiality stress condition were found to be significantly reduced in the
beam flange weld-base metal interface using this details.  However, the rupture index
at the beam web groove weld can be relatively large compared to other details.
Therefore, weld procedures using a notch tough electrode for the beam web groove
weld must be carefully followed to minimum weld defects.  Bolted shear tab detail is
recommended for use only in ordinary moment resistant frames.
(3) The effect of the panel zone strength on connection behavior was investigated for
fully welded details (i.e., beam flange and web both welded).  The strength of the
panel zone relative to that of the beam was found to have a significant effect on the
local demand on the beam web groove weld.  A stronger panel zone results in a
significant reduction is the PEEQ and rupture index at this location.  It is
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recommended that a balanced condition between the panel zone and beam capacities
be used in design. The panel zone strength should be based on only the first term in
Equation (2.6), which omits the effects of strain hardening in the panel zone.
(4) The effects of continuity plates in all welded moment connection were studied.
Column of different sizes were used to correlate column flange thickness, where the
beam section was a W36x150.  The analysis results indicate that the thickness of the
continuity plates can be reduced to less than the beam flange thickness, and omitted
for connection with thicker column flanges.  Current FEMA interim guidelines for
continuity plate design could therefore probably be relaxed.  This topic is further
addressed in Chapter 6 concerning revised design criteria.
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Table 3.1 FEM analysis matrix for beam web attachments
Case Vertical  beam
web  weld
(E70, in.)
Fillet weld at
shear tab  edges
(E70, 5/16 in.)
Doubler
Plate
Bolted web Continuity
plate
(a) ½ in. Groove Yes None 2 erection bolts Yes
(b) ½ in. Groove None None 2 erection bolts Yes
(c ) None Yes None 2 erection bolts Yes
(d) None None None 10 shear bolts Yes
Table 3.2  FEM analysis matrix for continuity plates
Case Connection
Configura-
tion
Column
size
Doubler
plates
(in.)
Column
flange
thickness
(in.)
bfb/tc Load history
Continuity
plate
thickness
(in.)
(1) Exterior W14x311 0 2.26 5.3 Monotonic 1.0
(2) Exterior W14x311 0 2.26 5.3 Monotonic 0
(3) Exterior W14x311 0 2.26 5.3 Cyclic 1.0
(4) Exterior W14x311 0 2.26 5.3 Cyclic 0.5
(5) Exterior W14x311 0 2.26 5.3 Cyclic 0
(6) Interior W14x398 2@ 3/4 2.86 4.2 Monotonic 1.0
(7) Interior W14x398 2@ 3/4 2.86 4.2 Monotonic 0
(8) Interior W14x398 2@ 3/4 2.86 4.2 Cyclic 1.0
(9) Interior W14x398 2@ 3/4 2.86 4.2 Cyclic 0
(10) Interior W14x258 2@5/8 1.76 6.8 Monotonic 1.0
(11) Interior W14x258 2@5/8 1.76 6.8 Monotonic   0
(12) Interior W14x258 2@5/8 1.76 6.8 Cyclic 1.0
(13) Interior W14x258 2@5/8 1.76 6.8 Cyclic 0.5
(14) Interior W14x258 2@5/8 1.76 6.8 Cyclic   0
Note: Beam size is W36x150 A572 Gr.50, Column is A572 Gr.50 steel
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(a) Exterior connection
(b) Interior connection
Figure 3.1 Test set-up
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(a) Exterior connection global model
(b) Interior connection global model
Figure 3.2 Global model span length and boundary conditions
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(a) global model
 
(b) sub-model
Figure 3.3 Three-dimensional exterior connection finite element model
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(a) global model
(b) sub-model
Figure 3.4  Three-dimensional interior connection finite element model
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(a) Mesh with 4 web elements and 1
flange elements through their
thickness
(b) Mesh with 4 web elements and 2
flange elements through their
thickness
(c) Mesh with 2 web elements and 2
flange elements through their
thickness
(d) Mesh with 2 web elements and 4
flange elements through their
thickness
Figure 3.5 Mesh of elastic convergence study; deformed models under load.
Uniform
stress
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(a) brick element with standard integration
-20
0
20
40
60
80
100
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
S
tr
es
s 
(k
si
)
C3D8 w/ 4 elements
C3D8 w/ 2 elements
C3D8 w/ 1 element
b/2 b/2
(b) brick element with reduced integration
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(c) brick element with incompatible integration
-20
0
20
40
60
80
100
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
S
tr
es
s 
(k
si
)
C3D8I w/ 4 elements
C3D8I w/ 2 elements
C3D8I w/ 1 element
b/2 b/2
Figure 3.6 Stress distribution at interface for brick element models
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(a)  1 Element through Column Flange
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(b)  2 Elements through Column Flange
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(c) 4 Elements through Column Flange
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Figure 3.7  Comparison between different types of element
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Figure 3.8 Nominal Gr.50 steel stress-strain curve (Salmon et al. 1996)
Figure 3.9 Nominal Gr.50 steel cyclic stress-strain curve (Kaufmann et al. 1999)
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Figure 3.10 E70TG-K2 electrode stress-strain curve
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(a) Connection details
(b) Set-up
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Figure 3.11 Connection details, set-up, and loading history of Specimen PN-2
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(a) Global model
(b) Sub-model
Figure 3.12 Finite element model of Specimen PN2
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
78
(a) Force-displacement (Test)                                   (b) Moment-plastic rotation (test)
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 (c)
Force-displacement (FEA)                                  (d) Moment-plastic rotation (FEA)
Figure 3.13 Comparison between test and FEA results of Specimen PN-2
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
79
Figure 3.14 Weld access hole configurations
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(b) Bottom face of tension flange
Figure 3.15 Longitudinal stress along centerline of top and bottom faces of beam
tension flange
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Figure 3.16 Longitudinal stress and PEEQ index across the beam flange through the
root of the access hole
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                (a) Standard access hole                            (b) PEEQ
               (c) Von Mises stress                                      (d) Hydrostatic stress
(e) vector of principle stress
Figure 3.17 Contours stress and strain distribution of standard access hole
(θp = 3% rad.)
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(a) Modified access hole (Configuration-6)                            (b) PEEQ
               (c) Von Mises stress                                      (d) Hydrostatic stress
(e) Vector of principle stress
Figure 3.18 Contours stress and strain distribution of modified access hole –
Configuration 6 (θp = 3% rad.)
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Figure 3.19 Maximum PEEQ index at the critical location within the access hole region.
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Figure 3.20 Comparison of the Triaxiality Ratio and Rupture Index at the access hole
region for the standard access hole and modified access hole
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
85
Figure 3.21 Beam web attachment details
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(a) (b)
Figure 3.22 Critical locations and the initiation of ductile fracture
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Figure 3.23 Stress and strain state for various web attachment details
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(a) PEEQ distribution of Specimen T1 no doubler plate (Vpz/Vp=0.85)
(b) PEEQ distribution of Specimen T1 with 1 inch doubler plate (Vpz/Vp=0.50)
Figure 3.24  PEEQ distribution of Specimen T1 (nominal Gr.50 material)
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
88
Figure 3.25  PEEQ Index, Triaxiality Ratio and Rupture Index vs. panel zone strength
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(a) Monotonic loading                                          (b) Cyclic loading
Figure 3.26 State of stress and strain across beam flange near the interface of weld
metal and base metal for exterior connection with a W14x311 column
(nominal Gr.50 material)
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(a) Monotonic loading                                          (b) Cyclic loading
Figure 3.27 State of stress and strain across beam flange near the interface of weld
metal and base metal for interior connection with a W14x398 column
(nominal Gr.50 material)
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(a) Monotonic loading                                          (b) Cyclic loading
Figure 3.28 State of stress and strain across beam flange near the interface of weld
metal and base metal for interior connection with a W27x258 column
(nominal Gr.50 material)
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Figure 3.29  Effect of continuity plate on local stress and strain state at the center of
beam of flange near the interface of weld metal and base metal of beam flange
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CHAPTER 4 EXPERIMENTAL STUDY
Eleven full-scale unreinforced welded beam-to-column moment connection tests
were conducted. This chapter presents the details of the test matrix, test observations and
specimen performance. The parameters investigated in the experimental program
included:  (1) panel zone strength; (2) continuity plates; (3) beam web attachment detail
(welded versus bolted); and (4) effects of a composite reinforced concrete floor slab.  All
specimens used the modified weld access hole geometry, since this detail worked well in
the initial specimen tested.
4.1 Test Matrix
The specimen test matrix is given in Table 4.1.  The beam size for all specimens
was a W36x150 section of A572 Grade50 steel. Six exterior connection specimens
(Specimens T1, T2, T3, T4, T5 and T6) and five interior connection specimens
(Specimens C1, C2, C3, C4 and C5) were tested. For the exterior connection, one
W36x150 beam was connected to the flange of a W14x311 A572 Grade 50 column (see
Figures 4.1 to 4.6). The purpose of conducting the exterior connection specimen tests was
to investigate the effects of the beam web attachment details and modified weld access
hole on connection performance.  Five different beam web attachment details were tested.
In Specimen T1, the beam web was welded directly, in the vertical position, to the
column flange with a full-length groove weld. A supplementary fillet weld was then
applied continuously around the edges of the shear tab (see Figure 4.1). In Specimen T2,
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the weld details are the same as T1 except that no supplementary fillet weld was placed
(see Figure 4.2). In Specimen T3, a fillet weld was applied continuously around the edges
of the shear tab and the beam web groove weld was omitted (see Figure 4.3.).  In
Specimen T4, the beam web was bolted to the shear tab (see Figure 4.4).  Two exterior
specimens with a strong panel zone were tested.  In Specimen T5, ½ inch doubler plate
was attached at one side of column panel zone and the weld details are the same as
Specimen T1 (see Figure 4.5).  In Specimen T6, a doubler plate with the same thickness
as Specimen T5 and a heavy shear tab (1 ¼ x10x29 inch) was groove welded to the
column face and a fillet welded to the beam web continuously around the edges of the
shear tab (see Figure 4.6).  The shear tab and welds for Specimen T6 was designed for
resist the plastic moment capacity of the beam web.
The interior connection specimen consisted of two W36x150 A572 Grade50
beams framing into the flange of either a W14x398 column (Specimens C1, C2, and C5)
or a W27x258 column (Specimen C3 and C4), both of A572 Grade50 steel (see Figures
4.7 to 4.11).  The sizes of the doubler plate and continuity plates are given in Figures 4.7
through 4.11 and in Table 4.1. The purpose of conducting the interior beam-to-column
connection specimen tests was to investigate the effect of continuity plates on connection
performance. For that reason, the two different column section sizes were used, where the
W27x258 had a more slender flange than the W14x398 section and was selected on the
basis that it satisfied a weak beam-strong column configuration. The interior connections
each had a stronger panel zone to control panel zone deformation. The beam web
attachment for the interior connection specimen detail consisted of a full penetration
groove welded beam web, similar to the web weld attachment detail of Specimen T1.
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Specimen C5 was a specimen with a 6.5 inch thick composite concrete slab on the top of
the beam flange.
The modified access hole detail used in all of the test specimens is shown in
Figure 4.12.  The hole was drilled in Specimens T1, T2, T4, T5 and T6 and burned in all
of the other specimens.  The edges of the access hole were ground to a smoothness
corresponding to 250 micro-inches of surface roughness.  The average measured section
dimension of the specimens is given in Tables 4.2 and 4.3.    The section strength Mp is
based on the measured section dimensions (Table 4.2) and yield stress of test coupon
results (Table 4.4).
Material Properties:  The mechanical properties of the steel sections used are
given in Table 4.4.  The properties were obtained from testing standard 505 round tensile
coupons with a 2 inch gage length.  The test results were in good agreement with the Mill
reports, except for the yield stress of the W14x311 column which is lower than nominal
Grade 50 material yield stress of 50 ksi.  Figure 4.13 shows the concrete strength versus
the days after casting of Specimen C5.
A limited number of CVN specimens were taken from the k-region at two
orientations (transverse (T) and longitudinal (L) direction w.r.t. to the section length) as
shown in Figure 4.14 for each section size, which included the W14x398, W14x311,
W27x258 and W36x150 section.  The transverse orientated specimens taken from
location where their notches were centered at 0.0 inches, 0.5 inches, 1.0 inches, and 1.5
inches from the inside face of the flange.  The longitudinal orientated specimens were
taken from locations where their notches were centered at 0.25 inches, 0.75 inches, 1.25
inches, and 1.75 inches from the inside face of the flange.  The tests were conducted at
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room temperature.  The results of the CVN tests are shown in Figure 4.15.  W27x258
section shows very low notch toughness at k area and it is believed to be a rotary
straightened section.  There is no required CVN for the base metal from AWS
specification.
The tensile and CVN specimens of weld metal E70TG-K2 were examined by M.
Johnson of the Edison Weld Institute (1999).  The specimens were obtained from a
mock-up specimen, which was fabricated at Lehigh University.  The top and bottom
flange macro photo pictures for the groove welded mock up are shown in Figure 4.16.
Results of CVN tests performed at different temperatures are shown in Figure 4.17.  The
test results are slightly less than the E70TG-K2 notch toughness requirements of 40 ft-lbs
at 70F° and 20 ft-lbs at 0 F°.
The chemical content of the base metal was examined by Laboratory Testing Inc.
in Dublin, PA.   The results are attached in Appendix C, for the base metal cut from the
W36x150 beam, W14x398 column, W14x311 column, and W27x258 column, ¾ inch
thick plate, 5/8 inch thick plate and 1.0 inch thick plate.
Weld Procedure Specification: The test specimens were fabricated using 3/32
inch diameter E70TG-K2 electrode wire for the beam flange full penetration groove
welds, 1/16 inch diameter E70T-1 electrode wire for the column panel zone doubler plate
full penetration groove welds, and 0.068 inch diameter E71T-8 electrode wire for the web
groove and fillet welds. All welds conformed with the AWS 5.20 Specification and
Section 4.2 of AWS D1.1-94 and were done using flux core arc welding. In all test
specimens, the A572 Grade 50 shear tab (5/8 inch and 1¼ inch thickness) was shop
welded to the column flange using a ¼ inch E71T-8 fillet weld. Continuity plates of the
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same thickness as the beam flange were welded to the column for all exterior connection
specimens and two of the interior connection (Specimens C2 and C4) using full
penetration groove welds.
The run-off tabs on the beam flanges were removed following placement of the
groove weld.  The backing bar of the top flange weld was left in place and a fillet
reinforcement weld was provided between the bottom surface of the backing bar and the
column flange using a E71T-8 electrode.  The beam bottom flange backing bar was
removed using the air-arc process, back gouged, and reinforced with a fillet weld using a
E71T-8 electrode. Run-off weld tabs were also used at the access holes to make the
vertical beam web groove weld for Specimens C2, C3, C4, C5 and T5.  After welding,
the run-off tabs were removed and the beam web groove weld was ground to produce a
smooth profile (roughness less than or equal to 250 micro-inches).  A photograph
showing the weld tabs is given in Figure 4.18. The weld procedure specification for the
test specimens is given in Appendix B. The full penetration groove welds for the beam
flanges were inspected using the ultrasonic test procedure. Welds were considered to pass
inspection if they satisfied the AWS D1.1 static loading criteria. Any groove weld that
failed the inspection was repaired and re-inspected. After passing inspection, the toe of
the beam flange full penetration groove welds were burr ground for Specimens C1, C2,
C3, C4, C5, T5 and T6. The burr grinding was done to a depth of about 1/32 inch. Burr
grinding removes the notches at the weld toe and reduces the initial size of micro-
cracking at the interface of the weld.
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4.2 Test Setup, Instrumentation and Test Procedure
The specimens were tested in the setup shown in Figure 4.19.  Each specimen
represented a connection sub-assembly from a perimeter MRF where the ends of the
members in the test setup were pin connected by using cylindrical bearing to simulate
points of inflection in the prototype frame. The ends of beams were supported by rigid
links.  The rigid links had pin connections at both ends that enabled horizontal movement
of the ends of the beam.  In order to prevent the out-of-plane movement and twisting of
the beam and column, lateral bracing was provided as shown in Figure 4.19. The spacing
of the bracing, conformed with the requirements of the AISC Seismic Design Provisions
(AISC 1997). Lateral bracing was also provided at the rigid links. A pair of parallel
horizontal actuators were placed at the top of the column to impose the story drift to the
specimen. The displacement history followed the SAC Protocol (SAC, 1997). A test was
terminated when either fracture occurred, resulting in a significant loss of capacity, or
after reaching a story drift of 0.06 radians. Both the actuator and rigid links were
instrumented with calibrated load cells to enable the total applied load and reaction at the
ends of the beam to be measured. The measurement of these forces enabled the beam and
column moments, as well as panel zone shear, to be determined.
Each specimen was carefully instrumented to also measure rotation,
displacements, and strain.  The general instrumentation layout for the strain gages is
shown in Figure 4.20 for the exterior and interior connection specimens.  High elongation
strain gages were mounted on the top surfaces of the beam flange groove weld of both the
top and bottom flanges to measure strain in the weld across the beam flange.   Strain
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gages were also mounted on the beam flange at a distance of 3 inches, 6 inches, 18
inches, and 36 inches from the column face.  High elongation strain gages were used at
the 3 inches location from the column face, where the strain was expected to be large.
Rosette stain gages were mounted on the shear tab near the column face, the beam web
near the weld access hole, and the center and two corners of the column panel zone.
Strain gages were also mounted on the beam web to measure the strain distribution in the
beam web near the shear tab. Two strain gages were mounted on the outside face of each
column flange near the connection. For test specimens with continuity plates, strain gages
were mounted on both sides of the continuity plates near the column flanges.
The general instrumentation lay out for voltage devices (i.e, load cells,
potentionmeters, inclinometers, and linear variable displacement transducers) is shown in
Figure 4.21.  As noted above, load cells were used to measure the total applied load at the
top of column, and reaction force of both rigid links. A string potentionmeter was used to
measure the lateral displacement at the top of the column.  The panel zone deformation
was measured by four rotation inclinometers at the top, bottom, left and right sides of the
panel zone.  A pair of diagonal linear variable displacement transducers (LVDTs) was
also used to measure the panel zone deformation.  Two string potentionmeters were used
to measure the horizontal movement of the top and bottom of the panel zone.  Two
inclinometers were placed on the beam web at 12 in and 24 in from column face to
measure beam rotation.  Any relative movement of the beam links and slippage of the
column base plate was measured by string pots and a LVDT, respectively.   These
measurements were used to remove any rigid body motion from the story drift.
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The measured displacements and rotation enabled separate determinations of the
panel zone deformation (g), beam and column rotation (qbm and qcol) and the story total
drift qtotal as follows:
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where -+ DD , are the displacements measured from the two LVDTs located at the column
panel zone. The horizontal and vertical projection and diagonal distance along LVDT are
a, b and d, respectively. totalD , 1D  and 2D  are the total displacement at the top of the
column, beam top flange, and beam bottom flange, respectively. 1q  and 2q  are the
rotations at the top and bottom of the panel zone.  The plastic beam, column and panel
zone rotations ( bmp,q , colp,q  and pzp,q ) are obtained, respectively, from Equations (4.5),
(4.4) and (4.2), by subtracting the elastic components, and based on the last successful
completed full cycle before the test was terminated.
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4.3 Experimental Observation of Exterior Connection Specimen Performance
Specimen T1: The behavior of the test specimen is illustrated by five plots:
lateral load vs. total story drift (qtotal), lateral load vs. total plastic rotation (plastic part of
qtotal), lateral load vs. panel zone plastic rotation (qp,pz), lateral load vs. column plastic
rotation (qp,col) and beam moment at column centerline vs. beam plastic rotation (qp,bm).
These plots are given in Figure 4.22.  The specimen first yielded in the column panel
zone and the beam top flange near the column face during a cycle having a targeted drift
of 0.00375 radians.  This occurred when an accidental overloading was imposed to the
specimen, resulting in a column horizontal displacement of 1.6 inches, corresponding to
1% story drift.  Except for this accidental overload the imposed displacement history
followed the SAC protocol during testing.  The groove weld on the shear tab started to
crack during the 2% drift cycles and propagated in subsequent cycles.  Minor local
buckling of the beam flanges near the column face occurred during the 3% story drift
cycles, and also the column flange of the panel zone began to yield.   The interface of the
weld metal and base metal of both the beam top and bottom flanges started to crack
during the 4% story drift cycles.  The beam bottom flange fractured in the base metal
near the heat effect zone at a displacement of 5.2 inches during the second cycle of 5%
story drift.  The maximum total plastic rotation achieved was 0.035 radians, which
included 0.019 radians of plastic shear deformation in the panel zone.  The column panel
zone is relatively weak with 56% of the plastic deformation occurring in the column
panel zone.  The column was slightly yielded with 0.005 radians of plastic rotation.  The
maximum plastic rotation for the beam was 0.012 radians.  Photographs of Specimen T1
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after testing are shown in Figure 4.23.  With the improved weld access hole, no cracks
were found to initiate near the access hole region of the test specimen.
Specimen T2: The lateral load-story drift (H-q) and moment-plastic rotation
hystersis loops for Specimen T2 are shown in Figure 4.24.  The specimen first yielded in
the column panel zone and the beam flanges near the column face during the 1% story
drift cycles. Cracks appeared at the interface of the weld metal and the base metal of the
beam flanges during the 2% story drift cycles, and propagated in subsequent cycles.
Local buckling of the beam flanges occurred near the column face during the 3% story
drift cycles. The beam top flange fractured at the interface of the weld and base metals,
initiating at the edge of the flange during the second cycle of the 4% story drift.  The top
erection bolt and beam web weld fractured during the first cycle of 5% drift,
corresponding to 7.23 inches of the horizontal displacement at the top of the column. The
maximum lateral load reached is about the same as that of Specimen T1. The total plastic
rotation reached in the 4% story drift cycles before fracture occurred was 0.025 radians,
which included 0.0145 radians of plastic shear deformation in the panel zone.  The
column panel zone is again relatively weak with 58% of the total plastic deformation
occurring in the column panel zone. The column was slightly yielded with 0.002 radians
of plastic rotation.  The maximum plastic rotation for the beam was 0.01 radians.
Photographs of Specimen T2 after testing was completed are shown in Figure 4.25. With
the improved weld access hole, no cracks were found to initiate near the access hole
region of the test specimen.
Specimen T3: The lateral load-story drift (H-q) and moment-plastic rotation
hystersis loops for Specimen T3 are shown in Figure 4.26.  The specimen first yielded in
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the column panel zone and the beam flanges near the column face during the 1% story
drift cycle.  Cracking initiated in the fillet weld at the top and bottom edges of the shear
tab during the 1.5% story drift cycles.  The interface of the weld metal and base metal of
the beam flanges started to crack during the 2% story drift cycles. The fillet weld of the
shear tab completely fractured through the depth of shear tab during the first cycle of 3%
story drift.  The beam shear force was then resisted entirely by the beam.  Large local
deformation of the beam flanges near the HAZ was observed during the 3% story drift
cycles.  The beam bottom flange fractured in the base metal at a 0.2 inches of horizontal
displacement during the second cycle of 3% story drift.  The total plastic rotation during
the test was 0.02 radians.  The test results show that the fillet weld of the shear tab was
not strong enough to resist the moment which was transferred from the beam web by the
shear tab.  The beam flange fracture mode of this specimen was similar to the one
observed in Specimen T1. The column yielded slightly with 0.003 radians of plastic
rotation.  The maximum plastic rotation for the beam was 0.012 radians, while the
maximum panel zone deformation was 0.005 radians.  Photographs of Specimen T3 after
testing are shown in Figure 4.27. With the improved weld access hole, no cracks were
found to initiate near the access hole region of the test specimen.
Specimen T4: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen T4 are shown in Figure 4.28.  The specimen first yielded in the
column panel zone and the beam flanges near the column face during the 1% story drift
cycles. Cracks appeared at the interface of the weld metal and the base metal of the beam
flanges during the 2% story drift cycles, and propagated in subsequent cycles.  Local
buckling of the beam flanges occurred near the column face during the 3% story drift
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cycles. The beam top flange developed a through thickness crack of 3 inches length
across the beam flange at the interface of the weld and base metals, initiating at the edge
of the flange during the second cycle of 3% story drift.  The beam top flange fractured in
the base metal near the HAZ at a column horizontal displacement of 2.3 inches during the
first cycle of the 4% story drift.   Total plastic rotation reached in the 3% drift cycles,
before fracture occurred in the 4% story drift cycles, was 0.018 radians, which included
0.007 radians of plastic shear deformation in the panel zone.  The shear tab yielded
locally near the bolt holes.  No cracking occurred in the fillet weld of the shear tab. Slip
developed between the beam web and shear tab, which reached 7/16 inch during the 4%
story drift cycles.  The test results indicate that this slip reduced the plastic deformation
demand in the panel zone. The column was slightly yielded having 0.002 radians of
plastic rotation.  The maximum plastic rotation for the beam was 0.009 radians.
Photographs of Specimen T4 after testing are shown in Figure 4.29. With the improved
weld access hole, no cracks were found to initiate near the access hole region of the test
specimen.
Specimen T5: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen T5 are shown in Figure 4.30. The specimen was identical to
Specimen T1 but with a ½ inch thick doubler plate in the panel zone and without
continuity plates. Specimen T5 first yielded in the beam flanges near the column face
during the 0.75% story drift cycles.  The doubler plate yielded during the 1.5% story drift
cycles. Minor local buckling occurred in the beam flanges near the column face during
the 3% story drift cycles, and yielding occurred at the column flange in the panel zone.
During the 4% story drift cycles, cracks initiated at the middle of the weld fusion line of
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beam bottom flange.  These cracks did not propagate in subsequent cycles.  During the
4% story drift cycles severe local buckling occurred in the beam flanges and beam web.
The beam bottom flange fractured during the second cycle of 6% story drift.  The test
results indicate that the stronger column panel zone resulted in more plastic deformation
in the beams.  And also greater total plastic rotation than the weak panel zone Specimen
T1.  During the test the panel zone developed a maximum plastic shear deformation of
0.005 radians.  The total plastic rotation achieved was 0.054 radians. The modified weld
access hole performed very well during the test. No cracking occurred in the access hole
region during the test.  Also no cracking was found at the toe of the beam web groove
weld at top and bottom edge at the end of testing.  The practice of using run-off tabs at
the beam web significantly improved the quality of the web groove weld and thereby the
performance of the connection.  The test results supported the conclusion that a strong
panel zone could reduced the strain concentration at the edges of beam web weld.  It also
implied that the continuity plate was not necessary for this connection. Photographs of
Specimen T5 after testing are shown in Figure 4.31.
Specimen T6: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen T6 are shown in Figure 4.32.  The purpose of Specimen T6 was to
test the groove welded heavy shear tab detail which omitted the vertical groove weld at
the beam web. Specimen T6 first yielded in the beam flanges near the column face during
0.75% story drift cycles.  The doubler plate yielded during the first cycle of 1.0% story
drift. Minor local buckling occurred in the beam flanges near the column face during the
3% story drift cycles, and yielding occurred at the column flange in the panel zone.
During the 4% story drift cycles, cracks initiated at the middle of the fusion line of the
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beam bottom flange.  These cracks did not propagate in subsequent cycles.  During the
4% story drift cycles severe local buckling occurred in the beam flanges and beam web.
A small crack was found at the beam web near the top corner of the heavy shear tab
during the 5% story drift cycles.  The test was terminated without fracture at the second
cycle of the 6% story cycle. The test results indicate that the stronger column panel zone
resulted in more plastic deformation in the beams than the panel zone.  During the test the
panel zone developed a maximum plastic shear deformation of 0.008 radians, the total
plastic rotation achieved was 0.05 radians. The modified weld access hole performed well
during the test. No cracking occurred in the access hole region during the test.  Also no
cracking was found at the toe of the groove weld at the bottom and top of the shear tab.
The heavy and wider shear tab shifted the plastic hinge from ½ beam depth to ¾ beam
depth from the column face, where the former occurred in specimen with a regular shear.
It reduced the plastic strain at the critical potential fracture locations, namely at the
interface of the weld metal and base metal of the beam flange.  However, it caused early
panel zone yielding which resulted in a slightly greater amount of panel zone plastic
deformation than that of Specimen T5.  The test results show that the groove welded
heavy shear tab detail is a viable alternative to the beam web attachment detail of a
regular shear tab that with a vertical groove weld at the beam web.  The test results also
implied that the continuity plate was not necessary for this connection. Photographs of
Specimen T6 after testing are shown in Figure 4.33.
Table 4.4 summarizes the performance of the each of exterior connection
specimens.  Photographs of the cross section of the flange and groove weld of Specimen
T1 and T4 are presented in Figure 4.34. After the testing was completed, the groove
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welds at the beam bottom flange of Specimen T1 and top flange of Specimen T4 were
saw cut to examine a section for cracking.  Some small cracks were found at the weld toe
(see Figure 4.34).
The test results indicate that the web attachment detail significantly affects the
ductility of the connection.  Only two of the web attachment details met the current AISC
Seismic Provisions (AISC, 1997) plastic rotation requirement of 0.03 radians. These
details were those of Specimens T1 and T5, consisting of a beam full penetration groove
welded web and supplemental fillet welds around the beam shear tab, and Specimen T6,
consisting of a heavy shear tab groove welded to the column flange and fillet welded to
the beam web. Neither the web weld attachments for Specimens T2 and T3 nor the bolted
web attachment of Specimen T4 met the current AISC Seismic Provisions (AISC, 1997)
plastic rotation requirement.  These details are therefore not recommended for special
moment resisting frame construction.
In the exterior connection specimen tests a relatively large portion of the total
plastic story drift of the assembly in Specimens T1, T2, T3, and T4 was due to panel zone
deformation.  About 60% of the total plastic rotation occurred in the panel zone of these
specimens. The panel zone for these specimens did not have doubler plates, for their
strength criteria was based on both terms in Equation (2.6).  The panel zone strength is
slightly less than the requirement based on the current AISC Seismic Provisions (AISC,
1997) since the actual column web yield stress is less than 50 ksi and beam flange yield
stress is over 56 ksi.
The SAC test summaries for the exterior connection specimens are given in
Appendix A - Test Summary of SAC 7.05 test. After observing the performance of the
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exterior connection specimens and evaluating the finite element results, it was determined
the performance of the connection could be improved by strengthening the panel zone.
The panel zone deformation should be controlled by determine the required double plate
thickness using only the first term of Equation (2.6). The strain hardening of the panel
zone should therefore be ignored.
Further discussion and evaluation of the experimental results is given in Chapter 4
(Section 4.5 – Test Data Analysis).  Correlation of the test results with the finite element
parametric study results is given in Chapter 5.
4.4 Experimental Observation of Interior Connection Specimen Performance
Specimen C1: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen C1 are shown in Figure 4.35. Specimens C1 represented a connection
with a stiff column flange (W14x398) without continuity plates.  Specimen C1 first
yielded in the beam flanges near the column face during the 0.75% story drift cycle.  The
doubler plates developed yielding during the initial 1% story drift cycle.  The groove
welds on the top edge of the beam web of the west and east beams started cracking
during the 2% and 3% story drift cycles, respectively.  These cracks propagated in
subsequent cycles.  Minor local buckling of the beam flanges occurred near the column
face during the 2% story drift cycles, and the column flange of the panel zone began to
yield. Severe local buckling occurred in the flanges and web of both beams during the 4%
story drift cycles. A crack initiated at the interface of the weld and base metals of the top
flange of the west beam at the end of the 4% story drift cycles, which propagated across
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80% of the flange width by the end of the first cycle of 5% story drift. After the first
cycle of 5% story drift was completed, the west beam reaction was released to continue
the test with only the east beam. The crack in the web groove weld of the west beam had
propagated to 45% of the length of the weld. During the second cycle of 5% story drift
the east beam top flange fractured in the HAZ of the base metal, having propagated
rapidly across the beam flange. The total plastic rotation achieved was 0.04 radians.  The
east beam developed 0.038 radians of maximum plastic rotation.  The test results indicate
that the stronger column panel zone forced more local buckling in the beams.  The panel
zone developed a maximum plastic shear deformation of 0.007 radians.  During the first
half-cycle of 4% drift the maximum load (and also the maximum panel zone shear) was
reached during the test.  The corresponding total plastic rotation was 0.027 radians, and
therefore the panel zone plastic deformation account for 26% of this plastic rotation.  The
panel zone deformation was significantly reduced after severe local buckling had
developed in the beam, which resulted in deterioration in beam capacity during
subsequent cycles. The panel zone plastic deformation of 0.007 radians therefore
contributed to only 18% of the total maximum plastic rotation of .04 radians achieved by
Specimen C1. No cracking was found at the toe of the groove weld of the beam flange
where the burr grinding was performed. Photographs of Specimen C1 after testing are
shown in Figure 4.36.
Specimen C2: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen C2 are shown in Figure 4.37. Specimen C2 was identical to Specimen
C1 but with continuity plates. As noted previously, run-off tabs were used to improve the
quality of the beam web groove weld at the top and bottom edges of the web where high
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strain developed and cracks were observed to occur in the prior specimens tested.
Specimen C2 first yielded in the beam flanges near the column face during the 0.75%
story drift cycle.  The doubler plates yielded during the initial 1% story drift cycle. Minor
local buckling occurred in the beam flanges near the column face during the 2% story
drift cycles.  The column flanges in the panel zone also began to yield.  While cracks
initiated in the beam web groove welds on the top edge of the shear tab of both beams
during the 3% story drift cycles, they did not propagate in subsequent cycles. Severe local
buckling occurred in the flanges and web of both beams during the 4% story drift cycles.
At the end of the 4% story drift cycles a crack initiated at the interface of the weld and
base metals at the edge of the top flange of both beams.  The east beam bottom flange
and west beam top flange fractured during the first half of the second cycle of 6% story
drift.  The fracture in the east beam occurred in the base metal close to the HAZ,
propagating from a crack that had initiated at the edge of the beam flange at the weld-
base metal interface of the bottom flange.  The fracture in the west beam top flange
occurred in the base metal at the location of severe cyclic flange buckling, at the distance
of 6 inches from the column face.  The test results indicate that the stronger column panel
zone caused more severe local buckling and plastic rotation to develop in the beams,
where both beams developed 0.05 radians of plastic rotation.  The column developed
0.002 radians of plastic rotation.  The panel zone developed a maximum plastic shear
deformation of 0.007 radians during the first cycle of 4% story drift as the maximum load
was reached during the test; the corresponding total plastic rotation was 0.025 radians.
The panel zone deformation was reduced in the subsequent cycles due to the deterioration
in beam capacity caused by severe local beam flange and web buckling.  The modified
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weld access hole performed well during the test.  No cracking was found in the access
hole region.  Also, no cracking was found at the toe of the beam flange groove weld
where the burr grinding was performed.  The practice of using run-off tabs at the beam
web significantly improved the web groove weld and of the performance of the
connection.  The cracking in the beam web groove weld was less severe than that of the
previous tests that did not use web run-off tabs. The fillet weld on the shear tab
developed cracking due to prying of the shear tab as cyclic local buckling occurred in the
beam. Photographs of Specimen C2 after testing are shown in Figure 4.38.
The test results of Specimens C1 and C2 indicated that for a stiff column flange
the connection without continuity plates can achieve good ductility and meet the 0.03
radians plastic rotation required by the AISC Seismic Provisions (AISC, 1997). It also
found that the practice of using run-off tabs at the beam web significantly improved the
web groove weld and performance of the connection. Burr grinding and run-off tabs were
used in the remaining test Specimens of C3, C4 and C5.
Specimen C3: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen C3 are shown in Figure 4.39.  Specimen C3 was intended to test a
connection with a more flexible column flange (W27x258) without continuity plates.
Specimen C3 first yielded in the beam flanges near the column face during the 0.75%
story drift cycle.  The doubler plates yielded during the initial 1.5% story drift cycle.  The
column flange in the panel zone began to yield during the 2% story drift cycles; with
cracks initiating in the beam web groove welds on the edges of the beam web of both
beams. These cracks did not propagate in subsequent cycles. Yielding occurred in the
column flange and the vertical groove weld at the edge of the doubler plates during the
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
112
2% story drift cycles. Minor local buckling occurred in the beam flanges near the column
face during the 3% story drift cycles. By the end of the 3% story drift cycles a crack
initiated at the interface of the weld and base metals at the center of the bottom flange of
both beams. During the 4% story drift cycles severe local buckling occurred in the
flanges and web of both beams. The west beam top flange fractured during the first cycle
of 5.5% story drift.  The fracture occurred in the base metal close to the HAZ,
propagating from a crack that had initiated at the south edge of the beam flange at the
weld-base metal interface.  The test results indicate that the stronger column panel zone
resulted in more plastic deformation in the beams. During the test the panel zone
developed a maximum plastic shear deformation of 0.001 radians.  The total plastic
rotation achieved was 0.041 radians with the omission of the continuity plates, and
maximum plastic beam and column rotations were equal to 0.041 radians and 0.003
radians, respectively. The top flange of the west beam after fracturing had a crack initiate
from the access hole, propagating around the edge of the shear tab that was welded to the
beam web. No cracking was found at the toe of the beam flange groove weld which was
burr ground. The practice of using run-off tabs at the beam web significantly improved
the web groove weld and performance of the connection.  The cracking in the beam web
groove weld was less severe than that of the prior test specimens that did not use web
run-off tabs. Photographs of Specimen C3 after testing are shown in Figure 4.40.
Specimen C4: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen C4 are shown in Figure 4.41.  Specimen C4 was identical to
Specimen C3, except that Specimen C4 has one inch thick continuity plates.  Specimen
C4 first yielded in the beam flanges near the column face during the 0.75% story drift
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cycle.  The doubler plates yielded during the initial 1.5% story drift cycle.  The column
flange in the panel zone began to yield during the 2% drift cycles with cracks initiating in
the beam web groove welds at the edges of the shear tab of both beams.  These cracks did
not propagate in subsequent cycles.  Yielding occurred in the continuity plates during the
3% story drift cycles.  Minor local buckling occurred in the beam flanges near the column
face during the 3% story drift cycles.  By the end of the 3% story drift cycles cracking
initiated at the interface of the weld and base metals at the edge of the top and bottom
flanges of the west beam.  During the 4% drift cycles severe local buckling occurred in
the flanges and web of both beams. The top flange of both beams developed cracking at
the end of the 6% story drift cycles. These cracks occurred in the base metal at the
location of severe local buckling of the top flanges. The test results indicate that the
stronger column panel zone resulted in more plastic deformation in the beams. During the
test the panel zone developed a maximum plastic shear deformation of 0.001 radians, the
total plastic rotation achieved was 0.052 radians. The maximum plastic rotation in the
beam and column were 0.051 radians, and 0.005 radians, respectively.  Some minor
cracking was found at the toe of the west beam top and bottom flange groove weld where
the burr grinding was performed. The practice of using run-off tabs at the beam web
significantly improved the quality of the web groove weld and thereby the performance
of the connection. The cracking in the beam web groove weld was less severe than that of
the prior test specimens that did not use web run-off tabs. Photographs of Specimen C4
after testing are shown in Figure 4.42.
 The total plastic rotation achieved of Specimens C3 and C4 was 0.041 radians,
and 0.052 radians, respectively. The specimen with continuity plates (Specimen C4)
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performed much better than the one without continuity plates (Specimen C3). However,
both of these specimens satisfied the 0.03 radians total plastic rotation requirement by
AISC for seismic design.  The panel zone for Specimens C3 and C4 were stronger that
expected since the yield stress of the 5/8 inch thick doubler plates was over 63 ksi,
exceeding the nominal design yield stress by a significant amount.  The panel zone of
these specimens therefore developed a maximum plastic shear deformation of only 0.001
radians.
Specimen C5: The lateral load-story drift (H-q) and moment-rotation hystersis
loops for Specimen C5 are shown in Figure 4.43. Specimen C5 was an identical specimen
to Specimen C1 with concrete slab on the top flange. Specimen C5 first yielded in the
beam bottom flanges near the column face and the concrete slab cracked during the initial
0.75% story drift cycle.  The doubler plates yielded during the initial 1% story drift cycle.
Minor local buckling of the beam flanges occurred near the column face during the 3%
story drift cycles, and the column flange in the panel zone began to yield. The groove
welds on the bottom edge of the shear tab of the west beam began to crack during the 3%
story drift cycles, but did not propagate in subsequent cycles.   The concrete slab
developed initial crushing at the column face during the 3% story drift cycles.  Severe
local buckling occurred in the beam flanges during the 4% story drift cycles.  Cracks
initiated at the interface of the weld and base metals of the bottom flange of both beams,
developing at the center of the beam flange during the 4% story drift cycles.  Brittle
fracture occurred in the top flange base metal of the east beam during the second cycle of
4% story drift.  The fracture occurred at 21 inches from the column face where a shear
stud was located on the beam flange and where severe local buckling had occurred.  After
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the second cycle of 4% story drift was completed, the east beam reaction was released to
continue the test with only the west beam.  The west beam top flange subsequently
fractured at the base metal during the second cycle of 5% story drift. This fracture
occurred at 9 inches from the column face where a shear stud was located on the beam
flange and where severe local buckling had occurred.  The test results indicate that the
strong column panel zone forced more local buckling in the beams.  The panel zone
reached the maximum plastic shear deformation of 0.011 radians during the first cycle of
4% story drift, as the maximum load was reached during the test.  The corresponding
total plastic rotation was 0.025 radians. The total plastic rotation achieved prior to when
fracture occurred in the east beam was 0.027 radians, with 0.021 radians occurring in the
beams. The total plastic rotation achieved during the 5% story drift cycle, prior to when
the west beam’s top flange fractured was 0.046 radians. The corresponding beam and
column plastic rotation were 0.042 radians and 0.006 radians, respectively.  The practice
of using run-off tabs at the beam web significantly improved the quality of the web
groove weld and the performance of the connection. The cracking in the beam web
groove weld was less severe than that of the test specimens that did not use web run-off
tabs.  The composite slab increased the moment capacity of the beams by 11% compared
to the companion bare steel specimen (Specimen C1), leading to a larger shear force and
inelastic shear deformations in the panel zone. Photographs of Specimen C5 after testing
are shown in Figure 4.44.  The welding of the shear studs to the beam flange in the plastic
hinge zone, where local buckling and cracks occurred, evidently led to beam flange
fracture by reducing the notch toughness of the base metal and thereby resistance to crack
propagation. The flange cracking at the shear stubs are shown in Figure 4.45.
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A summary of specimen performance of the interior connection is given in Table
4.6. All of interior connection specimens had good ductility with plastic rotation greater
than 0.03 radians.  The modified access hole performed well in all of the interior
specimens.  Cracking was found to have occurred either in the access hole region nor at
the toe of the groove weld of the beam flanges where the burr grinding was performed.
An exception occurred in a few cases after beam flange fractured, where a crack
initialized but not fractured in the weld access hole region.  The bottom access hole after
the completion of a test is shown in Figure 4.46.  The practice of using run-off tabs at the
beam web significantly improved the web groove weld and performance of the
connection.  The cracking in the beam web groove weld was less severe than that of the
test specimens that did not use web run-off tabs.  The cracking at the fusion line of the
groove weld toe on the beam flange is shown in Figure 4.47 for Specimen C3. Also, less
cracking was found at the toe of the beam flange groove weld where the burr grinding
was performed.  Figure 4.48 shows pictures of the beam flange burr grinding at the
grooved weld.  No cracking was found at the fusion line.  SAC test summaries for the
interior connection specimens are included in Appendix A.
4.5 Analysis of Test Data
4.5.1 Displacement Components
Figures 4.49 and 4.51 show plots of column top displacement versus story drift
for the nine test specimens.  For all of the specimens the column plastic deformation had
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the smallest contribution to plastic story drift.  This is primary due to the fact that the
Specimen design followed the strong column weak beam philosophy.  For the exterior
connection specimens with weak panel zone, the elastic deformation steadily increased
until the fracture of a beam flange occurred. The panel zone plastic deformation is larger
than that of the beam for the specimens with a groove welded web attachment detail
(Specimens T1 and T2).  In Specimen T4 the slippage of the shear bolts in the shear tab
reduced the panel zone deformation. In Specimen T4 the panel zone plastic deformation
is approximately equal to the beam plastic deformation.  Figure 4.50 shows the shear tab
slippage relative to the beam web plotted against the strain at the middle of groove weld
of the beam top flange. The maximum slippage was over 0.45 inches at the last cycle
before the top flange fractured. For the exterior connection specimens with a strong panel
zone (Specimens T5 and T6), the elastic deformation decreased after reaching the peak
load cycle, typically during the 3% story drift cycle, when severe beam local buckling
began to deteriorate the beam flexural capacity.  The panel zone plastic deformation is
smaller than the specimens with a weak panel zone (Specimen T1).
Unlike the exterior connections with a weak panel zone, the elastic deformation of
the interior connections decreased after reaching the peak load cycle, typically during the
3% story drift cycle, when severe beam local buckling began to deteriorate the beam
flexural capacity.  The panel zone plastic deformation is shown in Figure 4.51 to typically
reach a maximum value during the 3% story drift cycles. With the deterioration in beam
capacity the panel zone was responding elastically after the 3% story drift cycle.  With
strong panel zones, the panel zone plastic deformation is small in all of interior
specimens, as shown in Figure 4.51, with most of the plastic deformation occurring in
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with the beams.  Compared with the bare beam specimen (Specimen C1), the composite
slab of Specimen C5 delayed the local buckling of the beam flange during the test until
the 4% story drift cycles.  Consequently, the elastic deformation component of Specimen
C5 began to decrease at the beginning of the 4% story drift cycles when the beam flexural
capacity began to decrease.
Figure 4.52 shows a summary of the contribution of the beam, column and panel
zone to the total maximum plastic story drift.  Specimens which had predominantly beam
plastic rotation exceed the total plastic rotation of the specimens had predominantly panel
zone deformation.  A comparison of Specimen T1 with Specimens T5 and T6 and the
interior connection specimens which had the same fully welded beam web detail as
Specimen T1, shows that better connection performance can be achieved if panel zone
plastic deformation is controlled.  In addition, the test results confirm the importance of a
proper web attachment.  Specimens with the groove welded beam web and supplemental
welds had better performance.  The bolted beam web detail of Specimen T4 is shown to
have the worst performance in term of plastic story drift capacity.
4.5.2 Energy Dissipation
Figures 4.53 and 4.54 show plots of the accumulated energy dissipation for the
nine test specimens.  A summary of the energy dissipated by each specimen is given in
Figure 4.55.  Of the exterior connection specimens, Specimen T1 had the largest amount
of energy dissipation, while Specimen T3 had the smallest amount of energy dissipation.
A majority of the energy dissipation in Specimens T1 and T2 occurred in the panel zone.
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In Specimen T3 and T4 these was more of a balance in the energy dissipated by the beam
and panel zone because of less inelastic story drift capacity of these specimens.  The
energy dissipation that occurred in Specimens T2, T3 and T4 is 82%, 25%, 42%,
respectively, of the energy dissipated by Specimen T1.  Therefore it is clear that the beam
web vertical groove weld with a supplemental fillet weld around the edges of shear tab
can significantly increase the connection’s energy dissipation.  The total energy
dissipation of the exterior specimens (Specimen T5 and T6), which both had a strong
panel zone, was less than Specimen T1 which had a weak panel zone. However, the
energy dissipated by the beam of Specimens T5 and T6 was higher than that of Specimen
T1.
Figure 4.55 shows that the energy dissipated by the interior connection specimens
occurred primarily in the beams.  This is consistent with fact that the panel zones were
stronger with Vpz/Vp equal to 0.77 and 0.74, where Vpz is the panel zone shear force
based on the beam flexural capacity Mp developing at the column face and Vp is based on
the first term in Equation (2.6) using measured material and section properties. The large
plastic rotation capacity of Specimens C2 and C4, which had continuity plates, led to a
larger energy dissipation capacity compared to connection their companion test
Specimens C1 and C3, which did not have continuity plates.  The energy dissipation in
Specimen C1 and companion Specimen C5, which had a composite slab are about the
same.  Although Specimen C5 developed more plastic rotation than Specimen C1, this
was after one of the beams in Specimen C5 fractured and was deactivated.
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4.5.3 Beam Flange Groove Weld Strain Profile
Figure 4.56 through 4.60 show the groove weld strain distribution across the top
beam flange.  Included are the groove weld strain distributions for the bottom flange of
selected specimens (the strain gages malfunctioned during the testing of some of the
specimens). The results shown are related to the first cycle of the indicated story drifts
when the beam flange groove weld was in tension.  The strain gages used to measure the
strain were located on the weld surface at 0.5 inches away from the column face (see
Figure 4.20). Figure 4.56 shows the strains for the exterior connection specimens for the
story drift cycles of 0.25% to 3%. In addition, strains for story drifts of 3% to 6% are
shown for Specimens T5 and T6. In the latter cycles, a concentration of strain is shown to
develop at the middle and edges of the flange, respectively.  The strain of Specimen T2 is
larger than that of Specimen T1, indicating that more tension flange force was transferred
through the beam flange force since no fillet weld was used at the edges of the shear tab
in Specimen T2.  A very high strain was recorded at the 3% story drift cycle of Specimen
T3 when the shear tab separated from column and severe local bending occurred in the
beam flanges near the column face. The flange fractured shortly after this happened.  The
peak weld strain in Specimen T3 is offset from the center of the beam flange due to the
effects of local buckling.  The weld strain is Specimen T4 is smaller than the other
specimens, with the peak value near the edge of the flange due to local beam flange
buckling.
The strain distribution for Specimens T5 and T6, each having a strong panel zone,
are shown in Figure 4.56(e) to 4.56(h).  A strain concentration occurred at the middle of
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both the top and bottom flanges of Specimens T5 and T6, which had no continuity plates.
At 3% story drift before local buckling occurred, the strain in the top flange of Specimens
T5 and T6 was 30% and 90% larger, respectively, than that of Specimen T1 which had
continuity plates.  The strain distribution is more uniform in Specimen T1 than
Specimens T5 and T6 because of the presence of the continuity plates. Specimen T6,
having a heavy shear tab, had a higher demand at the beam flange groove weld. The top
flange groove weld of Specimen T6 is shown to have developed a larger strain than the
groove weld of the bottom flange. However, for Specimen T5 the groove weld maximum
tensile strains are about the same magnitude in both the top and bottom flanges. The weld
strain began to decrease in Specimens T5 and T6 after the 3% story drift cycles, as shown
in Figures 4.56(g) and 4.56(h), when beam local flange buckling occurred near the
column face.  The local buckling reduced the strain at the interface of the weld and base
metal.  In all of the specimens cracks initiated at the interface of the weld and base metals
(typically, at 3% story drift). After local bucking of the beam flange occurred most of the
cracks were stable and did not propagate further.  Instead, if fracture occurred, then it
occurred at the region of local buckling in the beam flange.
Figures 4.57 and 4.58 show the strain distribution for Specimens C1, C2 and C5,
which all had a W14x398 column.  A strain concentration occurred at the middle of the
flange of Specimen C1, which had no continuity plates.  At 3% story drift before local
buckling occurred, the groove weld strain in Specimen C1 was 30% larger that of
Specimen C2 which had continuity plates. Because of the continuity plates in Specimen
C2 the strain distribution in the Specimen C2 is more uniform than that of Specimen C1.
The composite concrete slab in Specimen C5 increased the strain in the top flange by
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18% compared to the bare beam specimen (Specimen C1) at 3% story drift.  The weld
strain began to decrease after the 3% drift cycles, as shown in Figure 4.58, when beam
local flange buckling occurred near the column face.  The local buckling reduced the
strain at the interface of the weld and base metal.  In all of the specimens cracks initiated
at the interface of the weld and base metals (typically, at 3% story drift). After local
bucking of the beam flange occurred most of the cracks were stable and did not attenuate.
Instead, fracture of the beam flange occurred in the region of local buckling.
Figures 4.59 and 4.60 show the top and bottom flange groove weld strain
distribution for Specimens C3 and C4. Both of these specimens had a W27x258 column.
The top flange groove weld strain distribution is similar to the other interior connection
specimens having a W14x398 column.  However, a larger concentration of strain
occurred at the middle of both beam flanges of Specimen C3 compared to Specimen C4.
Specimen C3 did not have continuity plates whereas Specimen C4 did have continuity
plates.  The strain at the middle of the beam top flange of Specimen C3 at the 3% story
drift cycles before beam flange local buckling occurred was 3.6 times that of the
Specimen C4.  The strain in Specimen C4 is shown to be more uniform and of smaller
magnitude due to the presence of the continuity plates. The strain in the groove weld of
the bottom flange of Specimens C3 and C4 are shown to be less than the top flange,
particularly in Specimen C3. The weld strain began to also decrease in Specimens C3 and
C4 after the 3% story drift cycles when local buckling occurred at the beam near the
column face, as shown in Figure 4.60.
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4.5.4 Continuity Plates
As shown in Figure 4.20(a), a pair of strain gages C17 and C18 were mounted
near the column face on the inside surface of the bottom continuity plate of Specimen T1.
Another set of strain gages, gages C7 and C8, were placed underneath the continuity plate
at the same location. Figure 4.61 shows a plot of the tension strain envelop as a function
of story drift for Specimen T1.  The strain on the outside surface is slightly greater than
the yield strain of the continuity plate, an A36 steel material, after the 3% drift cycles.
Minor yielding in the continuity plate was also observed during the testing of Specimen
T1 at the end of the first 3% story drift cycle.  The strain on the inside surface of the
continuity plate is about 40% of the strain on the outside face of the continuity plate.  The
strain gradient through the thickness of the continuity plate was caused by the local
bending near the column face. The average strain of the inside and outside surfaces is
70% of the strain on the outside surface of the continuity plate.
The membrane strain of the continuity plate was obtained by the average strain at the
top and bottom face, and is shown in Figure 4.62 for Specimens T1, C2 and C4.  The
highest demand on the continuity plate occurred in Specimen C4, which had a W27x258
column with 1.77 inch thick flanges. The membrane strain however was in the elastic
range. The demand on the continuity plates of Specimen C2, having a W14x398 column
with stiffer flanges, is smaller.  The membrane strain of Specimens C2 and C4 were
obtained from the outside surface gages since no strain gages are mounted on the inside
face of the continuity plates of specimens.  Based on the test results of Specimen T1, the
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average strain of Specimens C2 and C4 shown in Figure 4.56 is likely overestimated by
approximately 20 to 30%.
The beam flange tension force Pflange was estimated from the beam bending moment
at the column face by Equation (4.6).  If the membrane strain is elastic, the continuity
plate tension force Pcont can be computed from the average strain of the plate from
Equation (4.7) as given below.
Pflange = hM f / (d bm – t f ,bm) (4.6)
Pcont = eaveEAcont (4.7)
In Equations (4.6) and (4.7) M f is the beam moment at the column face, and dbm,
tf,bm, eave, Acont and E are beam depth, thickness of beam flange, membrane strain of
continuity plate, cross sectional area of the continuity plate, and Young’s modulus,
respectively. h is the ratio of the plastic moment contributed by the beam flanges to the
plastic moment of the entire section.
The plot of the ratio of Pcont / Pflange is shown in Figure 4.63, where h is equal to
0.68 for the W36x150 beam for these cases.  Approximately 40% of the beam flange
tension force was transferred to the continuity plates in Specimen C4.  The stiffer column
flange of Specimen C2 reduced the force transferred to continuity plates, where the ratio
for Pcont / Pflange is less than 0.2.  For Specimens C2 and C4, the ratio Pcont / Pflange was
reduced after beam local buckling occurred during the 3% story drift cycles.  However,
the ratio for Specimen T1, having a weak panel zone, was continuously increasing until
beam flange fractured occurred. The results indicate that a connection with a weak panel
zone can result in an increase in demand on the continuity plates of a connection.
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4.6 Summary and Conclusions
Based on the test results the following conclusions are noted:
(1) An access hole detail consisting of a short flat region on the beam flange of one beam
flange thickness, as shown in Figure 4.12 was found to result in significant
improvement in performance.  No flange fracture initiated from the access hole
region, whereas fracture did occur in numerous other previous tests conducted by
SAC where the specimens had the standard access hole and unreinforced beam
flange.  The weld access hole geometry and size for the current study was determined
from an extensive non-linear finite element study.
(2) The web attachment detail can significantly affect the ductility of the connection.  A
beam web attachment detail consisting of a groove welded web and supplemental
fillet welds around the beam shear tab, heavy shear tab or a groove welded to the
column and fillet welded to the beam web produced the best results.  The total plastic
story drift of the specimens with the groove welded beam web detail ranged from
0.035 to 0.052 radians.  Run-off tabs were found to significantly improve the quality
of the beam web groove weld and thereby the connection performance.  The total
plastic story drift of the specimen with the heavy shear tab detail was 0.05 radians,
without any fracture occurring.
(3) Test results indicate that continuity plate requirements can probably be relaxed for
seismic design.  All specimens tested without continuity plates had a plastic story
drift greater then approximately 0.039 radians.  These specimens had different
column sizes resulting in a beam flange width-to-column flange thickness ratio
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(bf,bm/tcol) of 4.2 (W36x150 beam + W14x398 column) and 6.8 (W36x150 beam +
W27x258 column).
(4) Test results indicate that specimens with a stronger panel zone had better
performance.  Specimens with a weak panel zone, where Vpz/Vp = 0.99, developed
significant shear deformation in the panel zone, causing a local deformation of the
beam flange welds as well as an increase in the plastic strain on the beam web welds.
Specimens with Vpz/Vp ranging from 0.70 to 0.77 had exceptional inelastic ductility,
with most of the plastic story drift occurring in the beams of the specimens. The panel
zone strength Vp in the denominator of these ratios is based on only the first term of
Equation (9-1) in the 1997 ASIC Seismic Provisions (see Equation (2.6) in Chapter
2). It is therefore recommended that connections with a strong panel zone
configuration be used in design, with the panel zone strength Vp based on only the
first term in the AISC Seismic Provisions in order to reduce panel zone inelastic
deformations.
(5) It is recommended that shear studs not be placed in the plastic hinge region of the
beam, where local beam flange buckling is expected.  The welding of the stud lowers
the fracture toughness of the base metal at the shear stud, raising the potential for
brittle fracture due to small cracks initiating at the region of cyclic local bucking in
the beam flanges.
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Table 4.1 Specimen test matrix
Specimen Connection
configuration
Column
size
Doubler
plate
thickness
(in.)
Continuity
plate
thickness
(in.)
Vpz/Vp Beam web
attachment
detail
T1 Exterior W14x311 0 1.0 0.99 groove welded web
with supplemental
fillet welds on
shear tab
T2 Exterior W14x311 0 1.0 0.99 grooved welded
web
T3 Exterior W14x311 0 1.0 0.99 fillet welded shear
tab
T4 Exterior W14x311 0 1.0 0.99 bolted shear tab
T5 Exterior W14x311 1/2 0 0.70 groove welded web
with supplemental
fillet welds on
shear tab
T6 Exterior W14x311 1/2 0 0.70 groove welded
heavy shear tab,
fillet welded shear
tab
C1 Interior W14x398 2@3/4 0 0.77 Grooved weld web
with supplemental
fillet welds on
shear tab
 C21,2 Interior W14x398 2@3/4 1.0 0.77 Grooved weld web
with supplemental
fillet welds on
shear tab
 C31,2 Interior W27x258 2@5/8 0 0.74 Grooved weld web
with supplemental
fillet welds on
shear tab
 C41,2 Interior W27x258 2@5/8 1.0 0.74 grooved weld web
with supplemental
fillet welds on
shear tab
 C51,2,3 Interior W14x398 2@3/4 0 0.77 grooved weld web
with supplemental
fillet welds on
shear tab
Note:
1. Burr grinding  was performed at the toe of the beam flange full penetration groove weld
2. Weld tab was used on the vertical beam web groove weld
3. 6 inch thick concrete slab was placed on the beam top flange
4. All columns were A572 Grade 50 steel
5. Beam size was W36x150 of A572 Grade 50 steel for all specimens
6. Vpz: panel zone shear force based on sum of moment capacity Mp of beams developing at column face;
Vp: panel zone shear capacity based on first term of Equation (2.6)
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Table 4.2  Specimen dimension for rolled sections
Section tf
(in.)
tw
(in.)
bf
(in.)
d
(in.)
Z
(in3)
Mp
(k-in.)
W36x150
Heat 1
0.94 0.62 12.19 35.94 582 33,302
W36x150
Heat 2
0.93 0.63 12.16 35.94 579 33,953
W14x311 2.23 1.40 16.25 17.0 590 28,010
W14x398 2.82 1.81 16.38 18.25 785 41,664
W27x258 1.72 1.02 14.38 28.78 833 42,692
Table 4.3  Specimen dimension for steel plates
Plate Continuity
plate
 (exterior
connection)
Continuity
plate
 (interior
connection)
Doubler plate
(3/4 in.)
Doubler plate
(5/8 in.)
Shear tab
(5/8 in.)
Measured
thickness (in.)
1.02 1.05 0.78 0.63 0.63
Nominal
thickness (in.)
1.0 1.0 0.75 0.625 0.625
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Table 4.4  Material properties of test specimens
Yield stress
(ksi)
Tensile strength
(ksi)
Elongation (%)Material
Mill Coupon
Static
yield
stress
(ksi)
Mill Coupon Mill Coupon
Flange 55.1 52.5 71.6 33.5W36x150
beam1 Web
56
61.8 58.9
73
75.1
28
33.9
Flange 56.7 53.6 72.5 37.8W36x150
beam2 Web
57
62.9 59.7
73
75.3
25
37.3
Flange 47.3 43.7 69.5 36.3W14x311
column Web
54
49.2 46.2
71
70.0
26
34.2
Flange 53.2 51.8 72.4 36.9W14x398
column Web
54
52.2 50.1
74
72.0
26
35.0
Flange 50.2 49.0 73.3 33.9W27x258
column Web
53
55.7 53.2
70
72.8
25
34.1
Exterior
Connection3
N.A. 38.2 35.1 N.A. 62.9 N.A. 35.5Continuity
plate (1”)
Interior
Connection4
56 53.0 50.3 77 70.9 25 33.6
Direction-15 57.1 54.4 77.0 35.7Doubler plate
(3/4”) Direction-26
57
57.1 54.3
76
76.3
26
35.5
Direction-15 65.6 62.9 85.8 31.9Doubler plate
(5/8”) Direction-26
64
63.3 61.0
86
84.6
22
29.3
Shear tab (5/8”) N.A. 51.3 47.1 N.A. 75.5 N.A. 31.6
Rebar N.A. 69.1 N.A. N.A. 113.4 N.A. 15.0
Note:
1. W36x150 heat 1 for Specimens T1, T2, T3, T4, T5, T6, C3, C4
2. W36x150 heat 2 for Specimens C1, C2, C5
3. Specimens T1, T2, T3, T4
4. Specimens C1, C2, C3, C4, C5
5. Rolling direction
6. Perpendicular to rolling direction
7. N.A.: not available
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Table 4.5.  Summary of exterior connection specimen performance
Specimen T1 T2 T3 T4 T5 T6
Peak actuator force
(kips)
301 297 236 243 315 330
Column maximum
drift (% rad.)
5.0 5.0 3.0 4.0 6.0 6.0
Total plastic rotation
(% rad.)
3.5 2.5 2.0 1.8 5.4 5.0
Panel zone maximum
plastic rotation (% rad.)
1.9 1.3 0.5 0.7 0.5 0.8
Beam maximum plastic
rotation (% rad.)
1.2 1.0 1.2 0.9 5.1 4.7
Column maximum
plastic rotation (% rad.)
0.4 0.2 0.3 0.2 0.1 0.3
Accumulated total
plastic rotation (% rad.)
25.8 19.1 11.6 14.9 44.6 52.4
Beam Mp
(k-in.)
33,302 33,302 33,302 33,302 33,302 33,302
Panel zone Vp
(kips)
713 713 713 713 1010 1010
Max. M/Mp (at column
center line)
1.41 1.39 1.10 1.14 1.48 1.51
Vpz/Vp 0.99 0.99 0.99 0.99 0.70 0.70
Accumulated total
energy dissipated (k-in.)
20,219 16,634 5,107 8,593 13,133 16,427
Location of fracture Beam
bottom
flange
Beam top
flange
Shear tab
and  beam
bottom
flange
Beam top
flange
Beam
bottom
flange
None
Note:
1. Vpz: panel zone shear force based on moment capacity Mp of beam developing at column face, using
measured material and section properties; Vp: panel zone shear capacity based on first term of Equation
(2.6) and measured material and section properties
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Table 4.6.  Summary of interior connection specimen performance
Specimen C1 C2 C3 C4 C5
Peak actuator force
(kips)
551 578 602 609 613
Column maximum
drift  (% rad.)
5.0 6.0 5.5 6.0 5.0
Total plastic rotation
(% rad.)
3.9 5.0 4.1 5.2 4.6
Panel zone maximum
plastic rotation (% rad.)
0.7 0.7 0.1 0.1 1.1
East
Beam
3.8 5.0 4.1 5.1 2.8Beam max.
plastic
rotation
(% rad.)
West
Beam
3.0 5.0 4.1 5.1 4.2
Column maximum
plastic rotation (% rad.)
0.2 0.2 0.3 0.5 0.6
Accumulated total
plastic rotation (%
rad.)
32.3 53.1 44.9 54.2 37.2
Beam Mp
(k-in.)
33,953 33,953 33,302 33,302 33,953
Panel zone Vp
(kips)
1860 1860 2229 2229 1860
East
Beam
1.31 1.34 1.47 1.50 1.42Max. M/Mp
(column
center line) West
Beam
1.34 1.28 1.39 1.52 1.41
Vpz/Vp 0.77 0.77 0.74 0.74 0.77
Accumulated total
energy dissipated (k-in.)
33,953 51,102 45,908 62,217 33,087
Location of fracture Beam top
flanges
Both beam
flanges
Beam top
flange
Beam top
flange
Beam top
flange
Note:
1. Vpz: panel zone shear force based on sum of moment capacity Mp of beams developing at column face,
using measured material and section properties; Vp: panel zone shear capacity based on first term of
Equation (2.6) and measured material and section properties
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Figure 4.1 Specimen T1 connection detail
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Figure 4.2 Specimen T2 connection detail
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Figure 4.3 Specimen T3 connection detail
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Figure 4.4 Specimen T4 connection detail
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Figure 4.5 Specimen T5 connection detail
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Figure 4.8 Specimen C2 connection detail
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Figure 4.9 Specimen C3 connection detail
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Figure 4.10 Specimen C4 connection detail
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Figure 4.11 Specimen C5 connection and concrete slab detail
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Figure 4.14 CVN  test specimen layout
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Figure 4.15  CVN  test results for the k-area
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(a)  top flange macro
 (b) bottom flange macro
Figure 4.16   Groove weld photos (Johnson, 2000)
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Figure 4.17  CNV test results for E70TG-K2 weld electrode of Lehigh SAC Specimen
(Johnson, 2000)
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
142
(a) Top flange
(b) Bottom flange
Figure 4.18 Photo of weld tab
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(a) Exterior connection specimen
(b) Interior connection specimen
Figure 4.19 Test set-up
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(a) Exterior connection specimen
Figure 4.20 Instrumentation for strain gage channels (Continued)
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(b) Interior specimen
Figure 4.20 Instrumentation for strain gage channels
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(a) Exterior connection specimen
(b) Interior connection specimen
Figure 4.21 Instrumentation for voltage channels (Continued)
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(c)  Measurment of column flange local deformation for Specimen C3
Figure 4.21 Instrumentation for voltage channels
LVDT-1 LVDT-2
LVDT-3
LVDT-4
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(c) Actuator force – panel zone plastic rotation response
Figure 4.22 Test results of Specimen T1 (Continued)
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Figure 4.22 Test results of Specimen T1
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(a)  Fracture of beam bottom flange base metal and beam web groove weld
(b) Beam and panel zone yielding with fracture of beam bottom flange and web weld
Figure 4.23 Specimen T1 after completion of testing
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
151
-400
-300
-200
-100
0
100
200
300
400
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Story drift (rad.)
Beam Top 
Flange Fracture
Beam Web Weld Fracture
Spec. T2
(a) Actuator force – story drift response
-400
-300
-200
-100
0
100
200
300
400
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Total plastic rotation (rad.)
Beam Top 
Flange Fracture
Beam Web Weld Fracture
Spec. T2
(b) Actuator force – total plastic rotation response
-400
-300
-200
-100
0
100
200
300
400
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Panel zone plastic rotation (rad.)
Beam Top 
Flange Fracture
Beam Web 
Weld Fracture
Spec. T2
(c) Actuator force – panel zone plastic rotation response
Figure 4.24 Test results of Specimen T2 (Continued)
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Figure 4.24 Test results of Specimen T2
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(a)  Beam top flange fracture at the interface of base and weld metals,
initiating at the edge of the flange
(b)  Beam and panel zone yielding. Fracture occurred in the beam top flange base metal,
the top erection bolt and the beam web weld
Figure 4.25  Specimen T2 after completion of testing
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(c) Actuator force – panel zone plastic rotation response
Figure 4.26 Test results of Specimen T3 (Continued)
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Figure 4.26 Test results of Specimen T3
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(a)  Fracture in beam bottom flange base metal
(b) Beam and panel zone yielding. Fracture occurred in the base metal of the beam
bottom flange and the fillet weld of the shear tab
Figure 4.27  Specimen T3 after completion of testing
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Figure 4.28 Test results of Specimen T4 (Continued)
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Figure 4.28  Test results of Specimen T4
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(a)  Beam top flange base metal fracture
(b)  Beam and panel zone yielding, with fracture in the beam top flange base metal
Figure 4.29  Photo of Specimen T4 after testing
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
160
-400
-300
-200
-100
0
100
200
300
400
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Story drift (rad.)
Spec. T5
(a) Actuator force – story drift response
-400
-300
-200
-100
0
100
200
300
400
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
total plastic rotation (rad.)
Spec. T5
(b) Actuator force – total plastic rotation response
-400
-300
-200
-100
0
100
200
300
400
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
panel zone plastic rotation (rad.)
Spec. T5
(c) Actuator force – panel zone plastic rotation response
Figure 4.30 Test results of Specimen T5 (Continued)
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Figure 4.30 Test results of Specimen T5
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(a) Beam local buckling at the cycle of 5% story drift
(b) Specimen T5 after completion of testing, fracture occurred in local bucking location
of the beam bottom flange
Figure 4.31  Photo of Specimen T5 after testing
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Figure 4.32 Test results of Specimen T6 (Continued)
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Figure 4.32  Test results of Specimen T6
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(a) Beam local buckling at the cycle of 6% story drift
(b) Specimen T6 after completion of testing, no fracture occurred
Figure 4.33  Photo of Specimen T6 after testing
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Exposed edge of flange                                        At cut face
(a) Specimen T1, bottom flange
      
Exposed edge of flange                                          At cut face
(b) Specimen T4, top flange
Figure 4.34  Photo of weld profile
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(b) Actuator force - total plastic rotation response
(c ) Actuator force - panel zone plastic rotation response
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Figure 4.35 Test results of Specimen C1 (Continued)
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(f) West beam moment - beam plastic rotation response
(e) East beam moment - beam plastic rotation response
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Figure 4.35  Test results of Specimen C1
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(a)  West beam top flange base metal fracture
(b) East beam top flange base metal and weld fracture
Figure 4.36 Photo of Specimen C1 after testing (Continued)
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(c) West beam web groove weld crack through 45% of the depth of the beam shear tab
upon completion of test
(d) Beam yielding and fracture in the top flange base metal and web welds of both beams
Figure 4.36  Photo of Specimen C1 after testing
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(a)  Actuator force - story drift response
(b) Actuator force - total plastic rotation response
(c ) Actuator force - panel zone plastic rotation response
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Figure 4.37  Test results of Specimen C2 (Continued)
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(f) West beam moment -beam plastic rotation response
(e) East beam moment - beam plastic rotation response
(d ) Actuator force - column plastic rotation response
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Figure 4.37 Test results of Specimen C2
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(a) Significant beam yielding and local buckling, fracture in the beam
flange base metal and beam web groove weld
           
 (b) West beam top flange base metal fracture at local flange buckle.
Figure 3.38 Photo of Specimen C2 after testing (Continued)
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(c)  East beam bottom flange base metal fracture and beam web fillet weld cracking.
         
(d)  West and east beam web groove weld after testing
Figure 4.38  Photo of Specimen C2 after testing
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
175
(a) Actuator force -  story drift response
(b) Actuator force -  total plastic rotation response
(c ) Actuator force -  panel zone plastic rotation response
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Figure 4.39  Test results of Specimen C3 (Continued)
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(f)  West beam moment - beam plastic rotation
(e)  East beam moment - beam plastic rotation
(d ) Actuator force -  column plastic rotation response
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Figure 4.39  Test results of Specimen C3
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(a)  Significant beam yielding and local buckling, fracture in the west beam top flange
base metal.
(b) West beam web and flange local buckling, and base metal fracture of the top flange.
Figure 4.40  Photo of Specimen C3 after testing (Continued)
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(c)  Yielding of west beam web groove weld following fracture of beam top
Figure 4.40  Photo of Specimen C3 after testing
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(a)  Actuator force - story drift response
(b)  Actuator force - total plastic rotation response
(c )  Actuator force - panel zone plastic rotation response
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Figure 4.41  Test results of Specimen C4 (Continued)
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(f) West beam moment -beam plastic rotation response
(e)  East beam moment - beam plastic rotation response
(d )  Actuator force - column plastic rotation response
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Figure 4.41  Test results of Specimen C4
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(a)  Significant yielding and local buckling
(b) East beam base metal cracks in the top flange from cyclic local buckling
Figure 4.42  Photo of Specimen C4 after testing (Continued)
Cracking from cyclic
local flange buckling
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(c)  West beam base metal crack at the top flange from cyclic local buckling
          
(d)  Yielding of web groove weld of east and west beams.
Figure 4.42  Photo of Specimen C4 after testing
Cracking from cyclic
local flange buckling
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(a)  Actuator force -story drift response
(b) Actuator force -total plastic rotation response
(c ) Actuator force -panel zone plastic rotation response
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Figure 4.43  Test results of Specimen C5 (Continued)
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(e)  East beam moment -beam plastic rotation response
(d ) Actuator force -column plastic rotation response
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Figure 4.43  Test results of Specimen C5
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(a)  Significant yielding and local buckling, fracture in the beam top flange base metal at
a shear stud
(b)  West beam base metal cracks in the bottom flange from cyclic local buckling
Figure 4.44  Photo of Specimen C5 after testing (Continued)
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Fracture
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
186
(c) Close up view of East beam base metal fracture at the top flange
(d) Close up view of West beam base metal fracture at the top flange
Figure 4.44 Photo of Specimen C5 after testing (Continued)
Shear Stud
Fracture
Shear Stud
Fracture
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(e) Yielding of web groove weld of east and west beams
Figure 4.44  Photo of Specimen C5 after testing
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(a) fracture at the location of the welded shear stud to east beam
(b)  fracture at the location of the welded shear stud to west beam
Figure 4.45  Photo of Specimen C5 fracture at the welded shear stub
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Figure 4.46  Typical access hole after testing
Figure 4.47  Crack at the beam flange weld fusion line of Specimen C3
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(a) Burr grinding at the fusion line of beam bottom flange before testing
(b) After testing, no cracking occurred at the fusion line
Figure 4.48  Burr grinding at the fusion line of Specimen C2
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Figure 4.49  Displacement components of exterior connection specimens (Continued)
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Figure 4.49 Displacement components of exterior connection specimens
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
193
-10000
-8000
-6000
-4000
-2000
0
2000
4000
6000
8000
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Shear tab slip (in.)
Beam Top Flange Fracture
Spec. T4
(a) Top edge slippage
-10000
-8000
-6000
-4000
-2000
0
2000
4000
6000
8000
-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5 0.6
Shear tab  slip (in.)
Beam Top Flange Fracture Spec. T4
(b) Bottom edge slippage
Figure 4.50 Shear tab slippage relative to beam web versus the weld strain at the middle
of beam top flange groove weld, Specimen T4
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Figure 4.51 Displacement components of interior connection specimens (Continued)
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Figure 4.51 Displacement components of interior connection specimens
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1. All interior specimens completed with full cycle with both side beams except for Specimen
C5, which was tested with only the west beam after the east beam fractured and the east link
was then released.
2. The beam, panel zone and column plastic rotation correspond to the maximum total plastic
rotation.  The individual maximum values can be found in Tables 4.5 and 4.6.
Figure 4.52  Summary of specimen plastic story drift
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Figure 4.53  Energy dissipation of exterior connection test specimens (Continued)
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Figure 4.53 Energy dissipation of exterior connection test specimens
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Figure 4.54  Energy dissipation of interior connection specimens (Continued)
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Figure 4.54 Energy dissipation of interior connection specimens
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Figure 4.55  Summary of specimen energy dissipation
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Figure 4.56  Strain distribution of groove weld at beam flanges of exterior connection
specimens (Continued)
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Figure 4.56 Strain distribution of groove weld at beam flanges of exterior connection
specimens (Continued)
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Figure 4.56 Strain distribution of groove weld at beam flanges of exterior connection
specimens
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Figure 4.57  Strain distribution of groove weld at beam flanges of interior connection
specimens with a W14x398 column before beam flange local buckling
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Figure 4.58   Strain distribution of groove weld at beam flanges of interior connection
specimens with a W14x398 column after beam flange local buckling
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Figure 4.59  Strain distribution of groove weld at beam flanges of interior connection
specimens with a W27x258 column before beam flange local buckling
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Figure 4.60  Strain distribution of groove weld at beam flanges of interior connection
specimens with a W27x258 column after beam flange local buckling
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Figure 4.61  Strain of continuity plates of Specimen T1
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CHAPTER 5 COMPARISON OF FINITE ELEMENT
ANALYSIS WITH SPECIMEN T1 TEST RESULTS
In order to further evaluate the accuracy of the finite element model, Specimen T1
was analyzed after the test was completed and material properties were obtained from the
material coupon tests.  The basic finite element model presented in Chapter 4 was
modified to simulate Specimen T1.  The connection detail, experimental observations and
test results were given in Chapter 4.  Both monotonic and cyclic analyses were
conducted.  In the cyclic analysis the displacement history applied at the top of column in
the model was the same as that applied to the test specimen, except that the elastic test
cycles before 1% drift were omitted.
The global behavior comparison of test and finite element model is summarized in
Table 5.1 and Figure 5.1.  Initial stiffness, peak loading and components of plastic
rotation of the test specimen are included in Table 5.1.  The initial stiffness and total
plastic rotation of the finite element model shows good agreement with the test results.
The peak loading of both the cyclic and monotonic finite element analyses are lower than
the experimental results.  The cyclic analysis result for the peak load is more closer to the
test data than the monotonic analysis, which are 5% and 16.3%, respectively, less than
the peak load of the test specimen.  It was found that the monotonic analysis produced
more panel zone plastic deformation, which was about 33% higher than the experimental
measured panel zone plastic deformation.  The comparison of the analysis and test results
indicates that the cyclic analysis is more realistic than monotonic analysis.
Figure 5.2 through 5.5 gives plots of the strain distribution at the beam top and
bottom flange groove welds and the region near the bottom weld access hole.  Strain gage
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T1 to T4 and A1 to A4 were mounted at the top surface of the groove welds of the beam
top and bottom flanges, respectively.  The distance of the centerline of the weld groove
strain gage to the column face was 0.5 inches.  Strain gages A5, A6 and B1 to B4 were
placed on the top and bottom surfaces of the beam bottom flange near the weld access
hole.  The distance of the strain gage centerline to the column face was 3 inches.  The
details and locations of the strain gages can be found in Figure 4.20.  Three plots of strain
distribution are shown in Figures 5.2 through 5.5, and are associated with peak initial
displacement in the 1%, 3% and 5% drift cycles, respectively.
As shown in Figures 5.2 and 5.3, the groove weld strain at the flange outside face
is higher than the flange inside face. The test results indicated that the stress - strain status
of the beam flange is a combination of local bending and membrane force, as well as
transverse shear force. The inside face of the beam flange remained in the elastic range,
while the outside face yielded.  The strain ratio of T2/A2, which are gages on the outside
and inside face at the middle of the flange, is 6.4, 6.8, and 8.75 at the cycle of 1%, 3%
and 5% radians of story drift, respectively.  A local kinking and bending of the beam
flange at the column flange was observed during testing.
The computed strain distributions are also included in Figures 5.2 and 5.3.  For
the top groove weld, both monotonic and cyclic analysis results were provided (see
Figure 5.2).  The comparison shows a good correlation between the measured and
computed strain distributions.  The higher stain is located at the middle and at the edge of
the flange, where both are of locations where crack initialization was observed during the
testing of Specimen T1.  It should be noted that the effects of weld residual strain were
not included in both the measured and computed results.
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Figures 5.4 and 5.5 give the plots of the strain distribution at the region near the
weld access hole.  Strain gages A5 and A6 were both placed on the beam top surface of
the bottom flange at a equal distance of 3 inches from the center of the beam flange.  The
longitudinal distance of the gage centerline from the column face was 3 inches.   Strain
gages B1 to B4 were located underneath the flange at the toe of the access hole region
with a same longitudinal distance of 3 inches from the column face.  Overall, the strain of
this region is over 20% higher than the measured strain of the top face of the groove
weld.   A strain concentration was found to develop at the center region of the beam
flange.  The top surface strain is slightly higher than the underneath face.  This indicated
that double bending curvature occurred in the tension flange over a distance of 3 to 4
times the thickness of the beam flange from the column face.   The computed results have
the same strain distribution pattern as the measured results and show reasonably good
agreements.
The computed results show overall a good correlation with the test results.  The
comparison of the analysis and test results further verified that the finite element model
was accurate and could provide reasonably good results.
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Table 5.1 Comparison of experimental results and FEM results of Specimen T1
Case Initial stiffness
(k-in)
Peak loading
(kips)
Total plastic
rotation (%rad.)
Panel Zone plastic
deformation
(%rad.)
Experimental 127.5 301 3.5 1.9
FEM (monotonic) 128.0 252 3.6 2.5
FEM (cyclic) 128.0 286 3.5 2.0
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Figure 5.1 Comparison between test result and FEA results of load vs.
displacement of Specimen T1
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Figure 5.2 Strain distributions of the groove weld at the outside surface of the
beam top flange (Strain Gages T1 to T4)
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Figure 5.3 Strain distributions of the groove weld at the inside surface of
beam bottom flange (Strain Gages A1 to A4)
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Figure 5.4 Strain distributions of inside face of the beam bottom flange
 (Strain Gages A5 and A6)
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Figure 5.5 Strain distributions of outside face of the beam bottom flange
(Strain Gages B1 to B4)
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CHAPTER 6 LOW-CYCLE FATIGUE FAILURE ANALYSIS
6.1 General
In conventional fracture analysis, resistance is evaluated in terms of the elastic
stress intensity factor Ki, the inelastic crack tip opening displacement CTOD, or the J
integral.  Inelastic fracture analysis requires sophisticated fracture mechanics techniques
and a finite element model (Deierlein and Chi 1999) to determine the toughness
requirements.  There are two assumptions in these conventional fracture analysis methods
when reasonable toughness exists in the base metal and welds.  They are: (1) an initial
flaw or pre-existing crack in the structure must be prescribed; and (2) a high restraint and
small-scale yielding in the crack tip region are assumed.  The first presents obvious
limitations for evaluating conditions where there are high stress and strains in the
material but no apparent flaws. The second can lead to inaccuracies when using
conventional fracture analyses to evaluate shallow surface cracks at large inelastic
connection deformation.  In addition, the methods do not lend themselves to analysis
involving large inelastic cyclic loading and stable crack extension.
As an alternative to conventional fracture analysis, Hancock and MacKenzie
(1976) studied a notch bar tension coupon and developed a fracture analysis method that
utilizes a micro-mechanical model based on the plastic strain and triaxiality condition
(the ratio of hydrostatic stress to von Mises stress).  This technique simulates material
behavior at the micro scale level using a continuum model that is not subject to the
assumptions noted above for conventional fracture analysis methods.  However, it
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requires finite element models that are much more highly refined than those needed for
conventional analysis.  Furthermore, the method is for monotonic loading.  More details
of the method will be given later.
Steel frames subjected to severe overloading are expected to withstand cyclic
plastic deformation.  If brittle fracture of the connection is suppressed the failure mode is
related to accumulated strain and can be characterized as low-cycle fatigue.  Many of the
recent tests of beam-column joints have exhibited various low-cycle fatigue crack
extension and failure after developing significant cyclic inelastic deformation.
Krawinkler and Zohrei (1983) performed low-cycle fatigue experiments of welded
connections and showed that the number of cycles to failure by low-cycle fatigue could
be predicted using the local plastic strain range in a power law that is analogous to the
power law represented by a stress range – cycles to failure (S-N) curve.  They also
showed that Miner’s rule could be used to predict the number of cycles to failure when
variable-amplitude loading occurs.  However, their experimental study did not investigate
the relationship of stress with crack initialization and propagation.  It is well known that a
material under a high triaxial state of stress may fracture in a brittle manner with much
less ductility than that under a lower triaxial state of stress depending on its toughness.
This chapter develops a new method for low-cycle fatigue life analysis.  The
method uses results from nonlinear inelastic finite element analyses to predict crack
initiation and extension and the life cycle of a beam-to-column connection.  Presented is
the development of the low-cycle fatigue failure analysis method, verification of the
method, and application to predict crack initialization and fracture of welded
unreinforced flange moment connections.
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The method is not to be applied to problems involving brittle material where
crack instability may occur at defects without significant plasticity.  In such cases elastic
fracture mechanics is to be used.
6.2 Theoretical Development
6.2.1 Fracture under Monotonic Tensile Load
Hancock and MacKenzie (1976) studied the fracture of notched steel bar
specimens under monotonic axial load. It was found that the fracture of plain metal under
a complicated stress - strain state is related to its triaxiality condition, characterized by
the triaxiality ratio TR = σm /σe and mechanical properties of the material. They
concluded that the effective plastic strain εp,f at fracture, which is a logarithmic or true
strain, could be obtained from
ε p, f = α exp –1.5
σm
σe
(6.1)
where σm and σe are, respectively, the hydrostatic stress and the effective stress (von
Mises stress) at the critical location where fracture would occur.  In Equation (6.1) α is a
material factor that ranges from a value of 1 to 3 for plain steel. The rolling direction,
heat treatment process, and test temperature affect the value of α.
Similar notch bar tests were conducted by Deierlein and Chi (1999).  The material
factor α was found to be equal to 3 for A572 Grade 50 steel.  Considering the effect of
heat input due to welding, Deierlein and Chi (1999) used an α of 1.0 for the heat affected
zone (HAZ) in their analysis of the fracture potential of welded connections.
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Normally two to three tensile coupons with a different notch size are needed to
determine the value for α.  When the notch bar tests are unavailable, the value for α  may
be obtained from standard tensile coupon tests.  For a standard tensile coupon test the
triaxiality ratio is equal to 1/3, and since εp,f = ln(A0 / A) (Bridgman 1952), where A0 and
A are the original and final cross-section areas at the fractured section, respectively, the
value for α can be obtained by substituting for εp,f and letting σm /σe = 1/3 in Equation
(6.1), whereby
α = 1.6487 ln
A0
A
(6.2)
A typical fracture strain - triaxiality relationship for E70T-4 electrode, E70TG-K2
electrode and A572 Grade 50 steel are shown in Figure 6.1.  The curves shown in Figure
6.1 are each based on Equation (6.1), where α  is obtained from over 100 regular 505
tensile coupon tests conducted at room temperature by Kaufmann (2000), and by the
authors.  The E70T-4 weld metal fractured in a brittle manner with approximately 11%
average elongation and 13% area reduction.  For such a brittle material, small weld flaws
can initiate cleavage fracture without significant plasticity.  In the previous tests
conducted by Kaufmann and Fisher (1996), once a crack developed or a pre-existing
defect existed, they immediately led to cleavage fracture.  On the other hand, E70TG-K2
weld metal had approximately a 37% average elongation and 68% area reduction.  The
A572 Grade 50 steel was comparable and had approximately a 38% average elongation
and 70% area reduction.  The E70TG-K2 weld metal and Grade 50 steel show very good
ductility at room temperature and both had good notch toughness. The material factor α
was 2 for the Grade 50 steel based on the tensile coupon test data.  As shown in Figure
6.1, the fracture strain of the E70T-4 weld metal is much less than that of the E70TG-K2
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weld metal for the same stress state.  The plot also indicates that even ductile material
with a high triaxiality condition is more likely to fracture in a brittle manner at small
plastic strain.
6.2.2 Relationship Between Stress Cycles and Strain Range
Cyclic coupon specimen tests were conducted by Kaufmann and Pense (1999) as
well as by the authors in order to study the low cycle fatigue behavior of the A572 Grade
50 steel at large strain ranges.  Figure 6.2 shows the S-N (strain range vs. number of
cycles to failure for full reversal) curve from the tests for the Grade 50 material.
The relationship of strain range and cycles to failure under constant strain range
can be presented as a log-log function (Bannantine et al. 1990), where
ln ∆ε p = ln ε f – 1k ln n (6.3)
In Equation (6.3) ∆εp is the plastic strain range, εf is the engineering strain of the tensile
coupon at fracture, n the number of cycles to failure, and k a material constant. Based on
the test data presented in Figure 6.2, where n = 356 and ∆εp = 0.02, k is equal to
k = ln 356 /ln
ε f
0.02
(6.4)
Given the triaxiality ratio, εp,f can be obtained from Equation (6.1).  The engineering
fracture strain εf can be determined from the logarithmic strain εp,f considering necking
effects using the approach proposed by Bridgman (1952).  The value of k then can be
obtained from Equation (6.4).  Using this approach, the relationship between triaxiality
ratio, εp,f, εf, and k at room temperature was developed for A572 Grade 50 steel, and is
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shown in Table 6.1.  Table 6.1 is assumed valid for E70TG-K2 (as deposited) since it has
quite similar mechanical properties as Grade 50 steel at room temperature.
6.2.3 Low-Cycle Fatigue
The low-cycle fatigue life prediction can be made using a ductile crack
propagation model similar to the one proposed by Krawinkler and Zohrei (1983). The
rate of increase of the crack size a is related to the plastic strain range ∆ε p (instead of
stress range as in high-cycle fatigue), where
da
dn
= Ca ∆ε p
β
(6.5)
in which the parameters C and β depend on the material properties, the geometry of the
structural component, the shape of the crack, and the triaxiality condition. C can be
evaluated by
C =
ln a
a 0
a f
ε f ,p
β (6.6)
in which a0 is the initial flaw size, and af the crack size at which ductile crack extension
occurs under the engineering plastic strain εf,p. A mean value of a0 equal to 0.0012 inch
(about twice the average grain size) has been used by Krawinkler and Zohrei (1983), and
is the order of magnitude of surface discontinuities observed at weld toes in high cycle
fatigue studies by Signes et al. (1967).  For a plate element af (through-thickness crack)
can be found by considering net section fracture:
a f = (1 –
σ y
σu
)(t – a0) (6.7)
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where σy and σu are the yield stress and tensile strength, respectively, and t and a0 are the
thickness of the plate and initial flaw size, respectively.
By integrating Equation (6.5), one can show that β is equal to k in Equation (6.4)
for a constant amplitude strain range.
Low cycle fatigue loading may occur either under a constant amplitude strain
range or variable amplitude strain range.  For low-cycle fatigue under a constant
amplitude of plastic strain range ∆εp, the number of stress cycles to failure Nf can be
predicted by (Coffin 1954)
N f =
ε f
∆ε p
β
(6.8)
Given the initial flaw size a0 and the constant plastic strain range of ∆εp, the
corresponding crack size ac after n cycles can be predicted by solving Equation (6.5),
resulting in
ac = a0exp[C(∆ε p)βn] (6.9)
For a variable amplitude strain range the strain range history is integrated by
using the initial flaw size a0, or crack size ai at the last displacement amplitude, and the
following equation to determine the crack size aj due to a sequence of cycles in the strain
history with the same strain range
a j = aiexp[C(∆ε p)β∆N] (6.10)
The process is repeated for the next sequence of cycles having a constant strain
range until the loading history is either completely accounted for, or until the crack size aj
reaches the critical value when fracture occurs.  The number of cycles to failure Nf is thus
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determined if the crack size reaches the critical size at which net section fracture occurs
before the loading history is completed.
It should be noted that in Equation (6.5) the coefficient β is established based on
tensile specimen tests where the triaxiality condition is a constant.  In connections
subjected to inelastic cyclic loading the multi-dimensional stress-strain state and change
in triaxiality condition must be considered.  The data in Table 6.1 can be used to modify
the above equations for different triaxiality conditions. The resulting modified low-cycle
fatigue strain range-cycles to failure (∆ε -N) relationships are plotted in Figure 6.3 for
different triaxiality ratios.
6.3 Verification of Low-Cycle Fatigue Failure Criteria
6.3.1 Semi-rigid Angle Low-Cycle Fatigue Analysis
A series of semi-rigid angle connections were tested by Kasai et al. (1998).  The
tests were conducted under constant and variable amplitude cyclic loading to investigate
the ductility of these connections. Figures 6.4(a), 6.4(b) and 6.4(c) show the connection
details, global finite element model and effective plastic strain distribution of the top
angle, respectively. The angle sizes in the test specimens were L8x6x3/4 and L8x6x1/2.
For the constant amplitude tests, the selected story drift amplitudes ranged from 0.4% to
3.4% (see Table 6.2).  In conducting the variable amplitude tests, the ATC-24 variable
amplitude displacement history (ATC 1992) was imposed.  In assessing the accuracy of
the fatigue failure model, the initial flaw size was assumed to be 0.0012 inches for the
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base metal, and the critical size at fracture, af , to be 28% and 24% thickness of the
L8x6x3/4 angle and L8x6x1/2 angle, respectively.  The critical size at fracture was based
on Equation (6.7) and coupon test results.
The finite element analysis showed that the critical fracture location was in the k
region of the horizontal leg, where the triaxiality ratio was about 0.6 to 0.65.  Table 6.2
gives the triaxiality condition, strain range and predicted number of cycles to failure for
each of the test specimens.  In all the tests fracture was observed at the k region of the
horizontal leg of the angle, as predicted by the analysis. The predicted fatigue life is in
excellent agreement with the experimental results as shown in Table 6.2.
The initial flaw size assumed in the analysis was 0.0012 inch, based on the study
by Krawinkler and Zohrei (1983).  In order to examine the effects of initial flaw size, an
additional four analyses with different initial flaw sizes ranging in value from 0.5 times a
small grain size to 2 times a large grain size of the base metal were performed.  The grain
size of the base metal normally ranges from 0.0008 inch to 0.002 inch.  Thus, a total of
five flaw sizes were examined: 0.0004, 0.0012, 0.002, 0.003, and 0.004 inch.  Only the
two angle connections tested under the variable ATC-24 amplitude loading were
reanalyzed. The analysis results are shown in Figures 6.4(d) and (6.4(e).  These results
indicate that the cycles to failure and the critical size at fracture predicted from Equation
(6.10) are not sensitive to the initial flaw size.  Therefore, the initial flaw size of 0.0012
inches was used in further studies.
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6.4 Fracture Potential Analysis of Test Specimens
This section presents the low-cycle fatigue fracture potential analysis of the SAC
subtask 7.05 test specimens.  All specimens had notch tough weld metal and base metal.
The specimen details, finite element model and result were described in Chapters 3 and 4.
All low-cycle fatigue failure calculations were based on the finite element cyclic analysis
results.  For a series of cycles with the same story drift amplitude, the strain range and
triaxiality ratio was based on the average value of the cycles.  The displacement history
applied to the model was similar to that imposed to the test specimen.
6.4.1 Specimen T1 – Fully Welded Connection Detail
Based on the finite element cyclic analysis results of fully welded moment
connections (see Section 3.3.2 of Chapter 3), the critical potential fracture locations were
found to be at: (1) the edges of the web-to-shear tab weld, (2) the interface of the weld
and base metal at the beam flange, and (3) the access hole region.  The plastic strain
distribution at 5% story drift of Specimen T1 has been shown in Figure 3.24(a).  The hot
spots represent high plastic strains, where the highest potential for fracture is likely to
exist (the triaxiality condition must also be considered).  A low-cycle fatigue failure
analysis of the specimen was performed with the initial flaw size a0 equal to 0.0012 inch.
For the beam flange the critical crack size was based on Equation (6.7) and measured
specimen properties, resulting in an af of 0.22*(tflg=0.94 inch) = 0.21 inch. The
definitions of a0 and af  for the beam flange are illustrated in Figure 6.5. A plot of crack
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propagation history versus story drift from the low-cycle fatigue analysis is shown in
Figure 6.6(a).  The results of the low-cycle fatigue analyses indicated that the edge of the
shear tab had the greatest potential for ductile fracture.  The shear tab edge crack grew to
a depth of one inch during the first cycle of 4% story drift, and reached seven inches at
the end of 5% story drift.  A second location with a high fracture potential was at the
interface of the base and weld metal of the beam bottom flange, as illustrated in Figure
6.7.  Fracture was predicted to occur at this location during the second cycle of 5% story
drift as the crack extended through the flange thickness.  At the end of the 5% story drift
the crack size at the region of the access hole was only about 0.01 inch.
The fracture analysis results show good correlation with the behavior observed
during the testing of the specimen. Cracking was predicted along the bottom beam flange
where fracture occurred during the second cycle of the 5% story drift.  At this cycle, the
edge crack at the flange tip had extended to about 0.6 inch through the flange.  Figure 6.9
shows photographs of cracks at the edge of the shear tab and the beam bottom flange
weld fusion line at 4% (Figure 6.9(a) and (b)) and 5% story drift (Figure 6.9(c) and (d)),
respectively.  At the edge of the shear tab the crack length during testing extended to
approximately 0.75 inch, 2 inch and over 10 inch at the end of 4% story drift, first cycle
of 5% story drift, and second cycle of 5% story drift, respectively.  The observed cracks
at the interface of the flange weld and base metal initiated at the end of 4% story drift, as
shown is Figure 6.9(b).  No visual cracking was found in the access hole region.  The
analysis had indicated that at this location it was expected to be small, and would not be
visible.
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6.4.2    Specimens T2, T3, and T4 – Effects of Beam Web Attachment Detail
As described previously in Section 3.3.2 of Chapter 3 the web attachment detail
can significantly effect the inelastic behavior and fracture potential of a connection.
Specimens T2, T3 and T4 were analyzed using the low-cycle fatigue failure criterion to
verify the observed effects of web attachment details on connection performance.  The
assumptions of initial flaw size and critical crack size at failure were the same as that of
Specimen T1.  The analysis results are shown in Figures 6.6(b) through (d).
The low-cycle fatigue failure analysis shows that the locations with the highest
fracture potential for Specimen T2 were at the interface of the base and the weld metal on
the underside of the beam flange and at the edge of shear tab (see Figure 6.6(b).  The
analysis implied that fracture would occur during the first cycle of 5% story drift at the
beam flange or possibly at the web weld on the shear tab, while the crack size at the
access hole region was again only about 0.01 inch.  The results show good correlation
with the observations of the behavior of Specimen T2 during testing, where fracture
occurred in the beam top flange at the weld-base metal interface during the first cycle of
5% story drift.  At this cycle, the analysis predicted that the crack at the beam flange had
extended through the flange thickness.
For Specimen T3, the analysis result showed that the most critical location for
fracture was in the fillet weld at the edge of the shear tab (see Figure 6.6(c)).  At the
second cycle of 3% story drift the crack extended over 6 inch, beyond the range of the
vertical axis in Figure 6.6(c).  The corresponding crack sizes at the interface of the weld
and base metal of the beam flange and the access hole region were only about 0.007 inch
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and 0.003 inch, respectively.  The fracture analysis results at the end of the 3% story drift
cycles were in a good agreement with test results.  The analysis predicts the location
where fracture will likely occur, as implied by rapid crack growth.  In the test of
Specimen T3 the shear tab separated from the column face at 3% story drift.  The test
specimen then fractured at the beam flange during the subsequent first cycle of 4% story
drift.  The fracture analysis predicted that the beam flange would fracture at the first cycle
of the 5% story drift.  This analysis therefore overestimated the connection ductility
slightly because the finite element model couldn’t fully simulate the mechanism of a
shear tab separation from the column face.
The low-cycle fatigue failure analysis showed that the most critical location for
fracture in Specimen T4 would be at the interface of the base and the weld metal on the
underside of the beam flange.  Fracture was predicted to occur at the end of the second
cycle of 3% story drift cycle, while the crack size at the access hole region and the edge
of the shear tab were 0.08 inch and 0.004 inch, respectively, as shown in Figure 6.6(d).
The fracture analysis results show good correlation with the test observations, where
Specimen T4 developed a through thickness crack in the beam top flange during the
second cycle of 3% story drift and subsequently fractured during the first cycle of 4%
story drift. At this cycle, the analysis predicted that the crack at the beam flange had
extended to 0.5 inch.
Figure 6.8 shows a comparison of crack propagation at the beam flange, the
access hole region, and the edge of the shear tab. The most critical locations for fracture
are shown to be at the beam flange and the edge of the shear tab (see Figure 6.8(a) and
(c)).  The access hole region was less critical (Figure 6.8(b)) and would not fracture. The
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predicted story drift at which fracture would occur in these specimens ranges from 3% to
5% story drift.  Specimen T1 has the best performance while Specimen T4 was the worst.
Only Specimen T1 is predicted to be able to satisfy the total plastic rotation requirement
of 0.03 radians specified by the AISC Seismic Provisions (AISC 1997).
6.4.3 Specimen T5 – Effects of Panel Zone Strength
The observed behavior of Specimen T1 during testing raised concern of the
development of an early crack at the beam web groove weld at the edge of shear tab. The
finite element analyses in Chapter 3 showed that a strong panel zone would reduce the
strain concentration and fracture potential at the edge of the shear tab compared to a
specimen with a weak panel zone.  Specimen T5 was an identical test specimen
compared to Specimen T1 with the exception of adding the 0.5 inch doubler plate on one
side of the panel zone.  Continuity plates were not used in Specimen T5 based on the
finite element analysis results presented in Chapter 3.  The connection details,
observation and performance of Specimen T5 were given in Chapter 4 and Appendix A.
A low-cycle fatigue failure analysis was also performed on Specimen T5 to
investigate the effects of a strong panel zone.  As shown in Figure 6.10(a), at the edge of
the shear tab a fracture would not occur at the end of the 5% story drift cycle.  The most
critical location for fracture was at the interface of the weld metal and base metal at the
beam flange middle, where it would fracture during the second cycle of 5% story drift.
Compared to the fracture analysis results of Specimen T1 (see Figure 6.6(a)), the demand
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on the beam web groove weld at the shear tab was reduced in Specimen T5. Similar
results, however, were achieved at the beam flange weld metal-base metal interface.
In Specimen T5 the finite element model was not be able to compute an accurate
strain range at the critical locations for fracture at the larger drift cycles since the
ABAQUS model could not accurately capture the effects of cyclic local bucking.  This is
attributed to the cyclic material model used by ABAQUS which does not accurately
model the Baushinger effect.  From test observations the measured strains at the groove
welds of the beam flange of the specimens with a weak panel zone (Specimens T1 to T4)
continued until fracture occurred.  The low-cycle fatigue failure analysis of these
specimens showed a good correlation with the test results.  During the testing of
Specimens T5 as well as C1 to C4, which all had a strong panel zone, the measured strain
in the test specimens at the groove welds of the beam flanges was reduced significantly
after local buckling occurred.  The low-cycle fatigue failure analysis, therefore,
underestimated the performance of Specimen T5 by not capturing the decrease in strain
range at the beam flange base metal–weld metal interface due to local beam flange
buckling. The results from the analysis without local buckling probably represent a lower
bound estimate of performance.
Figure 6.10(b) shows the analysis results of Specimen T5 that attempted to
approximate the effects of local buckling. It was assumed that the strain range was
constant after the first cycle of 4% story drift when severe local beam flange buckling
occurred during testing.  The analysis results predict that Specimen T5 would achieve
two cycles of 6% story drift before fracture occurs in the beam flange at the weld metal–
base metal interface.  These results are in much better agreement with the test results,
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where Specimen T5 fractured in the beam flange during the second cycle of 6% story
drift.
6.4.4 Specimens C1, C2, C3 and C4 - Effects of Continuity Plates
Figure 6.11(a) shows the analysis results for crack propagation at the interface of
the base metal and the weld metals of the beam flange of Specimens C1 and C2.
Specimen C1 had no continuity plates, whereas Specimen C2 had continuity plates.  The
analysis results are similar, and indicate that both specimens would fracture at the end of
the 5% story drift cycles, regardless of the existence of the continuity plates.
Figure 6.11(b) shows the analysis results for crack propagation at the interface of
the base metal and the weld metals of the beam flange of Specimens C3 and C4, as well
as a similar connection with 0.5 inch thick continuity plates.  Specimen C3 and C4, as
noted in Chapter 4, had more flexible column flanges (W27x258) than Specimens C1 and
C2 (W14x398). The most critical location for fracture in the analyses was determined to
be located at the interface of the weld fusion line of the beam flanges.  The crack
propagation plots predict that Specimen C3, which had no continuity plates, would
fracture near the end of the 4% story drift cycles, and Specimen C4, which had continuity
plates, would fracture at the end of the 5% story drift cycles.  However, the specimen
with continuity plates of a half thickness of the beam flange (i.e., 0.5 inch) had a similar
behavior as Specimen C4. The analysis results illustrate the benefit of continuity plates
for connections with more flexible column flanges.
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The fracture analysis results of Specimens C1, C2, C3, and C4 shown in Figure
6.11 did not include the effects of local buckling, for the same reason as described
previously.  The measured strain in the specimens near the weld fusion line of the beam
flange was reduced after the local buckling occurred at the 3% story drift cycle during the
testing of all of these specimens.  Therefore, the analysis results may be a lower bound
for a connection with a strong panel zone.  Figures 6.12(a) and (b) show the analysis
results that included local buckling effects using the same approach for Specimen T5,
where it was assumed that the strain range in the fatigue analyses was constant after
severe local bucking occurred during the tests at the first cycle of 4% story drift. The
analysis predict that the specimens could achieve a cycle of 6% story drift except for
Specimen C3, which had no continuity plates and would fracture at 4% story drift. The
corresponding predicted maximum plastic rotation for Specimen C3 was approximately
0.025 radians.  The ductility of the remaining three cases in Figure 6.12 is over 5% story
drift, with a corresponding plastic rotation in excess of 0.035 radians. These results are in
reasonable agreement with the test results, where Specimens C1, C2, C3 and C4 fractured
in the beam flange during the 5%, 6%, 5%, and 6% drift cycles, respectively.
 6.5 Development of Continuity Plate Design Criteria
The envelope of the measured column flange local flexural deformations for
Specimen C3 is shown in Figure 6.13.  The test data from the four displacement
transducers placed at the top and bottom beam flanges (see Figure 4.21(c)) was used to
develop Figure 6.13.  The average flange deformation at point B (see Figure 6.15) is
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shown in Figure 6.14, where measurements from LVDT-4(-) are not included since the
instrument began to malfunction during the 3% story drift cycles.
A simple model to predict the column flange local flexural deformation is shown
in Figure 6.15.  The model is an elastic cantilever beam, where the deformation ∆A at
point A is determined from Equation (6.11).
∆ A =
ql4
8EI f
(6.11)
In Equation (6.11) q is the average tension force at the column face per unit
length, which is determined from Equation (4.6), (i.e., q = Pflange / bf).  The span l is the
width of the column flange from the face of the column doubler plate to point A, E is the
Young’s modulus of the column flange, and If is the moment of inertia of the cantilever
beam model. Based on the test results, the equivalent width of the cantilever beam model
is taken to be equal to 9 times the thickness of the column flange tf,col.  On this basis, the
moment of inertia If of the cantilever beam model is
I f =
9
12 t f ,col
4  (6.12)
Figure 6.16 shows a comparison of the test data of Specimen C3 and theoretical
results at point B (the edge of the column flange), where the theoretical results are based
on Equation (6.11) and extending the calculation to point B using simple kinematics. Mf
in Equation (4.6) was based on the measured beam moment from the test.  The ratio of
plastic moment of the beam flange to the entire section is η =0.68.  The predicted
envelope of deflections at point B shows good agreement with the test data.
The plot of ratio l/∆A versus the beam width to column flange thickness ratio
bf,bm/tf,col  is shown in Figure 6.17.  The three column sections tested (W14x398,
W14x311, W27x258) are included in the plot, with the corresponding l/∆A  ratio equal to
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2168, 520, and 233, respectively.  The defection ∆A  for these column sections was based
on the maximum beam moment Mf developed in the corresponding test specimens.  The
results of the low-cycle fatigue study of the connections without continuity plates and
weak panel zone were used to set a limit on the value for the ratio of l/∆A  beyond which
continuity plates are required.  Thus the benefit of the reduction in strain range at the
beam flange fusion line due to the beam flange local buckling effects that occurs in
strong panel zone connections was ignored.  The low-cycle fatigue study showed that a
plastic story drift of 3% radians or more could be achieved in a connection with l/∆A less
than or equal to 520 (i.e., W14x311 column) when subjecting the connection model to the
SAC loading history used in the tests (SAC 1997). Thus, a value of 520 is set as the limit
for l/∆A.  A connection with a value of l/∆A  greater than 520 would therefore require
continuity plates.
Using the value of l/∆A = 520, assuming E = 29,500 ksi, η = 0.68, and considering
a 1.3 factor for the beam flange strain hardening at the column face based on the test
results to establish the maximum beam moment Mf and hence ∆A, the required minimum
column flange thickness tf,col for which continuity plates are not required was determined
from Equation (6.11).  The result appears as Equation (6.13).  In Equation (6.13) the
required column flange thickness is therefore related to the beam flange yield stress Fy,bm,
the beam flange thickness tf,bm, and clear span length l  from the face of the column web
or doubler plates to the edge of beam flange.
t f ,col ≥ 0.26 Fy,bmt f ,bml
3 1/4 (6.13)
A different formula for the column flange requirements related to continuity
plates appears in the state of the art report on connections by Roeder (FEMA 1999), and
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was given previously as Equation (2.4), and repeated below as Equation (6.14). In
Equation (6.14) the required column flange thickness is related to the beam flange
thickness tf,bm and beam yield stress Fy,bm and column yield stress Fy,col.  The width of the
column flange or length does not appear in Equation (6.14).  This formula is based on
strength criteria, as discussed previously in Chapter 2.
t f ,col ≥ 0.4
1.8t f ,bmFy,bmb f ,bm
Fy,col
1/2
(6.14)
A comparison of Equations (6.13) and (6.14) is shown in Figures 6.18(a) and (b),
where the ratio of the column section flange thickness to the required column flange
thickness (t/treq) has been plotted as a function of column section flange thickness treq
based on Equations (6.13) and (6.14). A value of less than 1.0 for the ratio of t/treq implies
that continuity plates are required.  The calculations are based on a connection with a
W36x150 beam size.  The value for column flange thickness to develop these cases were
obtained assuming column sizes of a W14x311, W14x398 and W27x258.  All sections
have a nominal yield stress of 50 ksi.  Figure 6.18(a) includes beam flange strain
hardening effects and Figure 6.18(b) omits them. Equation (6.13) is shown to be more
conservative than Equation (6.14) for the W36x150 beam.
A lower bound solution of when fracture may occur in a connection without
continuity plates and subjected to monotonic loading was obtained by using finite
element analysis results involving monotonic load and Equation (6.1).  The predicted
effective true plastic strain εp,f at fracture ranged from 0.83 to 0.84 and is at a point in the
beam flange at the weld metal-beam metal interface where the strain demand was highest.
The location with the greatest fracture potential was found to be located at the groove
weld metal-beam flange base metal interface. At this location at 5% story drift the
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effective true plastic strain demand εp ranged from 0.072 to 0.085, as shown in Table 6.3.
This demand is less than the fracture strain εp,f , and therefore fracture would not occur at
5% story drift. The corresponding inelastic story drift was approximately 3.5%.  Fracture
is estimated to occur at a story drift that exceeds 10%.  Hence, low-cycle fatigue, and not
strength, is likely to control the requirement for continuity plates since the connection
with a W27x258 would not require continuity plates under monotonic loading in order to
reach a drift of 5% or more.
6.7 Summary and Conclusions
A low-cycle fatigue failure analyses method was developed and verified through a
comparison between test observations.  The analysis method was subsequently used to
develop a low-cycle fatigue-based design criteria for continuity plates. Based on the low-
cycle fatigue failure analysis of welded unreinforced flange moment connections, the
following conclusions are given.
(1) The low-cycle fatigue failure analysis results were in good agreement with test
results.  This method can predict the reasonable potential fracture locations and
connection ductility of the test specimens with no appreciable local buckling effects.
(2) For a strong panel zone connection the predicted number of cycles to failure
presented a lower bound of the ductility of the connections since the current
ABAQUS finite element model was not able to capture the cyclic local bucking
effects.  The accuracy of the low-cycle fatigue failure analysis is dependent on the
state of stresses and strains.  Further finite element studies are needed to consider the
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
240
effects of local buckling in welded unreinforced flange moment connections under
cyclic loading.
(3) The low-cycle fatigue failure analysis also indicated that a connection with a strong
panel zone had better performance than a connection with a weak panel zone.  The
crack propagation and growth are delayed in the beam web weld in the strong panel
zone connection.  It is recommended that strong panel zone design be used in order to
limit the excessive shear distortion in the panel zone.
(4) The proposed continuity plate requirement is based on the deformation of the column
flange and related to low-cycle fatigue failure.  The non-seismic requirements for
continuity plates in the AISC-LRFD Specification should also be checked. Continuity
plates with a thickness of one-half the beam flange thickness are recommended when
Equation (6.13) is not satisfied. The continuity plate design criteria presented were
based on a connection with W36x150 beams and three different column sections.
Further research is necessary to investigate continuity plate requirements of
connections having different member sizes to offer more general recommendations.
In addition, the sensitivity of the loading history on fatigue damage warrants further
study.
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Table 6.1 εf and k for A572 Grade 50 steel as a function of triaxiality (σm/σe)
and true strain (εp,f)
(σm/σe) εp,f εf k (σm/σe) εp,f εf k
0.33 1.2131 0.3825 1.9905
0.40 1.0976 0.3700 2.0007
0.45 1.0183 0.3625 2.0104
0.50 0.9447 0.3525 2.0209
0.55 0.8765 0.3425 2.0318
0.60 0.8131 0.3325 2.0432
0.65 0.7544 0.3225 2.0550
0.70 0.6999 0.3150 2.0642
0.75 0.6493 0.3025 2.0803
0.80 0.6024 0.2950 2.0904
0.85 0.5588 0.2850 2.1044
0.90 0.5185 0.2750 2.1191
0.95 0.4810 0.2675 2.1307
1.00 0.4463 0.2550 2.1508
1.05 0.4140 0.2475 2.1638
1.10 0.3841 0.2375 2.1818
1.20 0.3306 0.2200 2.2160
1.30 0.2845 0.2000 2.2601
Note: σy  = 55 ksi, σu  = 74 ksi
Table 6.2  Comparison of predicted fatigue life with test results for semi-rigid
bolted angle connection
Cycle to fractureAngle
Size
Displ.
Amp.
history
Drift
(rad.)
Triaxiality
ratio
Strain
Range
Predicted Test
Constant 0.03 0.61 0.125 7 6
Constant 0.012 0.61 0.05 48 48
Constant 0.005 0.6 0.0206 294 300
Constant 0.004 0.6 0.016 493 500
L8x6x3/4
Variable ATC
 0.0019-0.034
0.6 0.037-0.142 22 22
Constant 0.034 0.65 0.135 6 5
Constant 0.03 0.65  0.116 8 8
Constant 0.014  0.65 0.0525 42 43
Constant 0.007  0.65 0.0245 200 200
L8x6x1/2
Variable ATC
0.003-0.0335
0.65 0.013-0.0156 25 25
Table 6.3 Connection fracture evaluation under monotonic loading
Effective plastic strain
Case Column Connection
Resistance
εp,f
Demand at 5%
drift, εp
A W27x258 Interior 0.83 0.081
B W14x311 Exterior 0.84 0.085
C W14x398 Interior 0.83 0.072
Note: all connections had a W36x150 beam
Development and Evaluation of Improved Details for Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
242
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2
1.3
1.4
1.5
1.6
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3
Plastic Strain
E70T-4
E70TG-K2
Gr.50
Figure 6.1 Plastic strain vs. triaxiality ratio curves of A572 Gr. 50 steel
and E70 weld metals
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Figure 6.2 Low cycle fatigue test results with Triaxiality ratio of 1/3
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Figure 6.3   Modified low-cycle fatigue ∆ε-N curves, Gr. 50 base metal
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(a) connection details
(b) Finite element model
Figure 6.4  Semi-rigid angle connection detail, finite element analysis and fracture
analysis results (Continued)
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(c ) PEEQ distribution of the top angle from finite element analysis
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Figure 6.4 Semi-rigid angle connection detail, finite element analysis and fracture
analysis results
Critical location
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Figure 6.5 Definition of initial and final crack size of beam flange
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base metal,
beam flange
column flange
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Figure 6.6 Crack propagation of exterior connection specimens
with weak column panel zone (Continued)
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Figure 6.6 Crack propagation of exterior connection specimens
with weak column panel zone
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Figure 6.7  Location with high potential for fracture of beam flange when using
modified weld access hole (PEEQ distribution is shown)
Critical
locations
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(a) Crack propagation at the HAZ of beam flange
(b) Crack propagation at the access hole region
(c) Crack propagation at the edge of shear tab
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Figure 6.8  Comparison of crack propagation of exterior connection specimen
with weak column panel zone
(a) Crack growth at the interface of weld metal and base metal of beam flange
(b) Crack growth at access hole region
(c) Crack growth at the shear tab
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(a) Cracking at the shear tab fillet weld at the end of 4% story drift
(b) Cracking at the weld fusion line of beam bottom flange at the end of 4% story
drift
Figure 6.9  Crack growth observations of Specimen T1 (Continued)
Cracking at fillet
weld of shear tab
Cracking at the fusion
line of the groove weld
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(c) Crack growth during first cycle of the 5% story drift
(d) Fracture during the second cycle of 5% story drift
Figure 6.9  Crack growth observations of Specimen T1
Cracking at groove
weld
Fracture
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(b) Crack propagation, with local buckling effects
Figure 6.10  Crack propagation of exterior connection specimen
with strong column panel zone
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Figure 6.11  Crack propagation of interior connection specimen without local
buckling effects
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Figure 6.12  Crack propagation of interior connection specimen with local
buckling effects
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Figure 6.17  Ratio of span length-to-edge displacement vs.bf,bm / tf,col ratio
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Figure 6.18  Column flange thickness requirements for continuity plate design
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CHAPTER 7 DESIGN PROCEDURE
7.1 Design Procedure for Welded Unreinforced Flange Moment Connections
7.1.1 Scope
Improved unreinforced welded moment connections can be expected to withstand
significant inelastic deformations when subjected to the forces resulting from the motions
of the Design Earthquake.  In order to do so these types of connections shall meet the
requirements in this chapter.
7.1.2 Connection Details
Welding Procedure Specification:
All welds and procedures shall conform to the AWS 5.20 Specification and
Section 4.2 of AWS D1.1-94. All filler metal shall have the minimum Charpy V-notch
toughness recommended by SAC of 20 ft-lbs at 0°F and 40 ft-lbs at 70°F (Johnson 2000).
Web Attachment Detail
A welded shear tab and beam web weld is recommended for a special moment
frame system (SMF).  The shear tab can be either a conventional shear tab or groove
weld shear tab.  The use of a regular shear tab requires that the beam web be groove
welded to the column and fillet welded to the beam web with supplemental welds to the
shear tab.  A heavy shear tab requires that it be fillet welded to the beam web and the
beam web not be groove welded to the column flange.  The location of the plastic hinge
in the beam is related to the type of shear tab used in the connection.  The plastic hinge is
located at one-half the beam depth from the column face for a connection with a groove
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welded beam web and regular shear tab, and three-quarters of the beam depth from the
column face for a connection with a heavy shear tab:
a. Grooved Welded Beam Web with Supplemental Fillet Welds:  The shear tab shall
be fillet welded to the column face and the beam web groove welded to the
column flange, as shown in Figure 7.1(a). In addition, supplemental fillet welding
shall be used on the perimeter of the shear tab to restrain beam web local
buckling. This supplemental fillet weld shall extend over the upper and lower
one-third of the shear tab depth, as shown in Figure 7.1(b).  The run-off tabs at the
bottom and top ends of the shear tab shall be removed and the toe of the web
groove weld at these locations shall be ground in order to prevent a low-cycle
fatigue failure. The shear tab shall be the same thickness as the beam web, with a
minimum thickness of one-half inch, and have the other dimensions as shown in
Figure 7.1(b).
b. Heavy shear tab: The heavy shear tab shall be groove welded to the column face,
as shown in Figure 7.2(a). The beam shall be attached to the shear tab using fillet
welds to resist beam shear force and a portion of the beam moment at the column
face, as well as to restrain beam local web buckling.  The proportion of moment
resisted by the shear tab shall be based on the ratio of the plastic moment capacity
of the beam web to the beam plastic moment capacity.  Based on finite element
analyses, a width of 0.25 times the beam depth for the shear tab is recommended.
Run-off tabs shall be used for the shear tab groove weld.  The toe of the shear tab
shall be ground at the top and bottom edges of the shear tab in order to prevent a
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low-cycle fatigue failure. The shear tab detail and required dimensions are shown
in Figure 7.2.
Bolted Shear Tab Attachment Detail
A bolted shear tab can be used for either an ordinary moment frame (OMF) or
immediate moment frame (IMF) system.  The shear tab shall be sized in accordance with
the AISC Seismic Provisions for Structural Steel Buildings. No supplemental fillet
welding is required.
Weld Access Hole Geometry and Size
a. OMF system: Weld access holes in accordance with AISC and AWS
requirements can be used (see Figure 7.3).
b. IMF and SMF system:  Modified weld access holes are required (see Figure 7.4).
Access hole preparation requires special attention as discussed in the notes given
in Figure 7.4.
Shear Studs for Composite Concrete Slab
Shear studs should not be placed in the plastic hinge region of the beam with a
concrete slab on the top where beam local flange buckling is expected.  Shear studs shall
therefore not be placed over a span length of 1.5 times the beam depth from the column
face for a connection with a groove welded beam web and a heavy shear tab detail,
respectively.
Other Details
All welds shall be prequalified in accordance with AWS D1.1. The run off tabs
for the groove welds on the beam flange shall be removed. The beam top flange backing
bar may remain. A reinforcing fillet weld should be provided between the bottom surface
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of the top flange backing bar and the column flange using a notch tough filler metal. The
beam bottom flange backing bar shall be removed using the air-arc process, back gouged,
and reinforced with a fillet weld using the same or a compatible electrode.
7.1.3 Column–Beam Moment Capacity Ratio
The column–beam moment capacity ratio shall be in accordance with Section 9.6
of the AISC Seismic Provisions for Structural Steel Buildings.
7.1.4 Panel Zone Strength of Beam-to-Column Connection
Shear Strength:  The design shear strength Rv of the panel-zone shall be
determined using:
pcyv tdFR 6.0= (7.1)
            with
b
beamp
hc
b
v d
M
ddL
dh
h
L
R
∑
−−
−
>
,
)(
)(φ (7.2)
where
cd  = overall column depth, inches
pt  = total thickness of panel-zone including doubler plate(s), inches
yF  = specified minimum yield strength of the panel-zone steel, ksi
L = bay width, inches
h = story height, inches
db = beam depth, inches
dh = distance from column face to beam plastic hinge location, inches
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(one-half of the beam depth db for a connection with a groove
welded beam web, and three-quarters of the beam depth db for a
connection with a heavy shear tab detail)
Mp beam = RyFy,bmZbm, beam flexural design strength, k-in
F y,bm = beam yield stress, ksi
φv = 0.9
Ry = ratio of expected yield strength Fye to the minimum specified yield
strength, Fy
Zbeam= beam plastic section modulus, in
3
Panel Zone Thickness: The individual thickness t of the column web and doubler
plates, if used, shall conform to Sections 9.3b and 9.3c of the AISC Seismic Provisions
for Structural Steel Buildings.
7.1.5      Continuity Plates
Continuity plates of one-half the thickness of the beam flange shall be provided in
accordance with the criteria given by Equation (7.3).  Equation (7.3) is based on the low-
cycle fatigue analysis, and is developed in Chapter 6.
[ ]t F t lf col y bm f bm, , , /.≥ 0 26 3 1 4  (7.3)
where,
tf,col =  column flange thickness, inches
tf,bm =  beam flange thickness, inches
Fy,bm =  beam yield stress, ksi
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l =  clear span length from the face of doubler plate to the edge of beam
flange (see Figure 6.17), inches
Section K1 of the LRFD Specification for Structural Steel Buildings must also be
checked to determine continuity plate requirements for other loading conditions.
7.1.6 Other
The beam to column limitations, beam-to-column connection restraint and lateral
support of beams shall be satisfied in accordance with the appropriate sections of the
AISC Seismic Provisions for Structural Steel Buildings and LRFD Specification.
7.2 Design Example
7.2.1 Example 1 – Special Moment Frame (SMF) Interior Moment Connection
with Groove Welded Beam Web and Supplemental Fillet Welds
The example illustrates the design procedure for an interior welded unreinforced
flange moment connection in a special moment frame between W36x150 beams and a
W14x398 column having a axial stress of 10 ksi.
Beam:  W36x150 A572 Gr. 50
Column: W14x398 A572 Gr.50
• Centerline dimensions:
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story height: 13 ft, H = (13)(12) = 156inches
bay width: 30 ft, L = (30)(12) = 360inches
• Section properties:
W36x150: db = 35.85 inches
bf = 11.975 inches
tf = 0.94 inches
tw = 0.625 inches
Z = 581 inches3
W14x398: dc = 18.29 inches
bf = 16.59 inches
tf = 2.845 inches
tw = 1.77 inches
Z = 801 inches3
• Column-Beam Moment Ratio
The nominal beam strength at the plastic hinge in accordance with Section 9.3a of
the AISC Seismic Provisions for Structural Steel Buildings and LRFD Specification is
given below:
inkMR py −== 151,35)50)(581)(1.1(1.11.1
Assuming the plastic hinge is located at the length of one-half the beam depth
from the column face, the corresponding beam shear force is equal to:
kips
ddL
MR
V
bc
py
b 229)925.17145.9)12(15(
151,35
)(5.0
1.1
=
−−
=
−−
=
The column shear force is equal to:
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kips
H
LV
V bc 528)12)(13(
)12)(30)(229(
===
The sum of the beam moments at the intersection of the beam and column
centerline is therefore:
inkLVM bpb −===∑ 440,82)12)(30)(229(*
The sum of the column moments at the intersection of the beam and column
centerline is:
[ ]
ink
dVAPFZM bcgucyccpc
−=
+−=+−= ∑∑
009,83
]2/)85.35)(528()1050)(801[(22/)/(*
where guc AP /  is assumed to be equal to 10 ksi.
The column-beam moment ratio is thus:
0.101.1
440,82
009,83
*
*
>==∑
∑
pb
pc
M
M
OK!
• Check Column Panel Zone Strength
Panel zone shear force:
kipsR reqv 152685.35
50)581)(1.1(2
)93.1729.18)12(30(
)85.35)12(13(
13
30
, =
−−
−
=
Panel zone shear strength:
kipstdFR pcyv 971)77.1)(29.18)(50(60.060.0 ===
reqvvv RR ,874)971(9.0 <==φ NG!
Using 2@0.75 inch thick doubler plates (one on each side of column web),
kipstdFR pcyv 1794)50.177.1)(29.18)(50(60.060.0 =+==
reqvvv RR ,1614)1794(9.0 >==φ OK!
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Note: Use doubler plates with extended length of 0.5dc above and below depth of
beam.
• Continuity Plates
[ ]0 26 50 0 94 6 177 2 0 75 2 063 1 4. ( )( . )( . / . ) . ./− − = in < 2.85 inches
No continuity plates are therefore required
Check column local flange bending, local web yielding, and web crippling in
Section K1 of the LRFD Specification for Structural Steel Buildings, assuming that the
beam moment is taken by beam flanges only at column face.  The concentrated forces at
the beam flanges are,
kips
tdMR bfbdfreq
1125
)94.085.35/(
925.17145.9)12)(15(
145.9)12)(15(
)151,35(
)/(
=
−
−−
−
=
−=
Local flange bending,
kipskipsFtR yffn 11252276)50()845.2)(25.6(9.0)25.6(9.0
22 >===φ OK!
Local web yielding,
kipskipstFNkR wywn 11251859)77.1)(50)(5.3)5.3(5)(1()5( >=+=+= φφ OK!
Local web crippling,
kipskips
t
tF
t
t
d
N
tR
w
fyw
f
w
wn
11255523
5.177.1
)85.2)(50(
85.2
5.177.1
85.35
5.3
31)5.177.1)(135)(75.0(
31)135(
5.1
2
5.1
2
>=
+


 

 +


++=










+= φφ
OK!
No transverse stiffeners are therefore required
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• Shear Tab Design
Use 5/8x5x30 inches shear tab
The connection details are shown in Figure 7.5.
7.2.2 Example 2 - Special Moment Frame (SMF) Interior Moment Connection
with Heavy Shear Tab
This example illustrates the design procedure for an interior welded unreinforced
flange moment connection for a special moment frame. The connection includes a shop
groove welded heavy shear tab that is fillet welded to the beam web in field.  The section
sizes of the beams and column and centerline dimensions are the same as Example 1.
• Column-Beam Moment Ratio
The nominal beam strength at the plastic hinge is equal to:
inkMR py −== 151,35)50)(581)(1.1(1.11.1
Assuming the plastic hinge is located at the distance of 0.75 the beam depth from
the column face, the corresponding beam shear force is equal to:
kips
ddL
MR
V
bc
py
b 244))85.35(75.0145.9)12(15(
151,35
)5.1(5.0
1.1
=
−−
=
−−
=
The column shear force is equal to:
kips
H
LV
V bc 563)12)(13(
)12)(30)(244(
===
The sum of the beam moments at the intersection of the beam and column
centerline is therefore:
inkLVM bpb −===∑ 840,87)12)(30)(244(*
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The sum of the column moment at the intersection of the beam and column
centerline is:
[ ]
ink
dVAPFZM bcgucyccpc
−=
+−=+−= ∑∑
264,84
]2/)85.35)(563()1050)(801[(22/)/(*
where 10/ =guc AP  ksi
The column-beam moment ratio is thus:
959.0
840,87
264,84
*
*
==∑
∑
pb
pc
M
M
%1.4959.01 ≤− Acceptable,    OK!
• Check Column Panel Zone Strength
Panel zone shear force:
kipsR reqv 157085.35
50)581)(1.1(2
))85.35(75.029.18)12(30(
)85.35)12(13(
13
30
, =
−−
−
=
Using 2@0.75 inch thick doubler plates (one on each side of column web),
kipstdFR pcyv 1794)50.177.1)(29.18)(50(60.060.0 =+== :
reqvvv RR ,1614)1794(9.0 >==φ OK!
Note: Use doubler plates with extended length of 0.5dc above and below depth of
beam.
• Continuity Plates
Same as Example 1, not required.
• Shear Tab
The required length of shear tab is
97.28))94.05.2(285.35())5.2(2( =+−=+−= fbs tdd inches    use 29 inches
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The bending moment at the column face is
41689)145.9)12(15)(244()(5.0 =−=−= cbf dLVM k-in.
Determine the required plastic bending moment capacity of the beam web.
ink
M
M
MZtdtM
f
f
fbmfwwebb
−=
=
−=
−=
915,12
31.0
]581/))94.0(285.35)(625.0(25.0[
]/)2(
4
1
[
2
2
,
The thickness of shear tab, assuming Gr. 50 steel.
.23.1))50)(29(25.0/(12915)
4
1
/( 22, inFdMt yswebbs ===   use 1.25 in. thick plate
Use a shear tab size that is 1.25x10x29 inches and fillet welded along four sides
of the shear tab to the beam web.   Determine the required fillet weld size using Table 8-
40 in AISC LRFD Manual (AISC 1995).
a =
ex
l
=
12,915 / 244
29 = 1.825
k = 8.528 = 0.293
C ≈ 0.815
.)
16
1
(3.10)
16
1
(
)29)(1(815.0
244
)
16
1
(
1
min inlCC
P
D u === , say 5/8 inches
The connection details are shown in Figure 7.6.
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plate
E71T-8
AISC Min.
t
t
t
E71T-8
1/4
45
web
plate
(a) Shear tab and beam web attachment details
 E70TG-K2
E71T-8
3/8
30
1/4 
E71T-8
1/4 
 
E70TG-K2
Remove backup bar,
back-gouge
E71T-8
3/8
30
R
ds
 
LS
platet
f2” + t
s1/3d
f t
f2” + t
Shear tab width,
L   = 5 inchs
(b) Shear tab supplemental weld
Figure 7.1  Connection with welded beam web and supplemental fillet weld detail
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3/8
30
E71T-8
E71T-8
> 1 1/2"
Beam Web
(a) Shear tab and beam web attachment details
 E70TG-K2
E71T-8
3/8
30
1/4 
E71T-8
1/4 
 
E70TG-K2
Remove backup bar,
back-gouge
E71T-8
3/8
30
R
Ls Shear tab width,
L   = d /4 bs
s
f2” + t
d
f t
f2” + t
(b) Shear tab supplemental weld
Figure 7.2  Connection with a groove welded heavy shear tab
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Figure 7.3 Standard weld access hole details (AISC LRFD)
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0.75 in. Diam. Drilled
or Burned Hole
Max(t   ,0.5)
30
0.75(0.6+t   )
bf
bf
3t bf
0.75t
bft
bf
Notes:
1. Drill or flame cut 3/4 inch diameter hole, and grind smooth to remove notches at access hole regions.
2. 250 micro-inches of surface smoothness required for weld access holes.
Figure 7.4  Modified weld access hole detail
E71T-8
E71T-8
E71T-8
E71T-8
 E70TG-K2
CJP (TC-U4A-GF)
Remove backup bar, back-gougeW14 x 398
A572, Gr. 50
E70T-1
5/16
R
1/4 
30
3/8
 Plate 5/8" x 5" x 30"
 A572, Gr.50
E71T-8 
 E70TG-K2
CJP (TC-U4A-GF)
E71T-8
1" Diam. A325X bolts
(erection bolt)
 
E70T-1  
E71T-8  
9/16
2 1/2"
1/2
3"
1/4
3/4
1/4”
Doubler plate
A572, Gr.50
3/4" x12 9/16" x 54"
(both sides)
E70T-1
3/8
30
1/4 
5/16
W36 x 150
A572, Gr.50
E70T-1
1/2
3/4
45
9/16
1/4
7 
1/
2
” 1 
3
/4
”
2
7”
1 
3/
4
”
E71T-8 
45
1/4
1/4
Figure 7.5   Example 1 - Welded beam-to-column unreinforced flange moment
connection with groove welded beam web and supplemental fillet welds
All dimensions are
given in inches
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E71T-8
T&B
W36 x 150
A572, Gr.50
E71T-8
E70T-1
E70T-1
1 1/2"
1/2
 E71T-8
5/8
3/8
30
1/4
 E71T-8
5/8
E70T-1
 
E70T-1
5/16
W14 x 398
A572, Gr. 50
E70TG-K2
Remove backup bar,
back-gouge
E71T-8
3/8
30
1/4 
R
E71T-8
 Plate 1-1/4" x 10" x 29"
 A572, Gr.50
 
5"
5/8
1/4
Doubler Plate
3/4" x 12 9/16" x 54"
(both sides)
E70T-1
5/16
 E70TG-K2
E71T-8
1" Diam. A325X Bolts
(erection bolts)
1 1/2"
3/8
30
3/8
30
1/4 
6
”
6”
1
7
”
Figure 7.6 Example 2 - Welded beam-to-column unreinforced flange moment
connection with heavy shear tab
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CHAPTER 8 SUMMARY AND CONCLUSIONS
Analytical and experimental studies were conducted to evaluate the effect that
various parameters have on connection ductility in order to improve the cyclic inelastic
performance of welded unreinforced flange moment connections.  The analytical studies
included nonlinear finite element analysis of connections subjected to monotonic and
cyclic loading. A low-cycle fatigue failure formulation was developed and applied to
analytically evaluate the cyclic ductility of various connection details.  The experimental
studies consisted of inelastic cyclic tests of full-scale connection specimens.  The test
matrix included six exterior connection specimens and five interior connection
specimens.
The research identified five critical issues that have a strong effect on the ductility
of welded unreinforced beam-to-column flange moment connections and which should be
carefully considered in design. The issues are: (1) geometry and size of weld access
holes, (2) control of panel zone deformation, (3) supplemental web weld, (4) the
thickness of continuity plates, and (5) effects of a concrete slab.
Based on the results of the experimental and finite element analyses and low-
cycle fatigue analysis studies reported herein the following conclusions and
recommendations are noted:
(1) The results of the fracture analysis and experimental study indicate that the type of
connection fracture observed after the Northridge earthquake, where brittle fracture
occurred in the weld metal, is primarily due to the low toughness of the weld metal
used in making the flange groove welds. A Charpy V-notch toughness comparable to
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that of E70TG-K2 filler metal should be adequate for properly enclosed building
structures. The weld metal provides CVN values near the weld root of 30 ft-lbs at 0°F
and 80 ft-lbs at 70°F.  The minimum toughness values in the weld were near mid-
thickness and yielded about 15 ft-lbs at 0°F and 35 ft-lbs at 70°F. The beam flange
base metal had CVN values at 70°F that were an average value of 40 ft-lbs.
(transverse direction of beam) and 140 ft-lbs. (longitudinal direction of beam). With a
high toughness weld metal and modified detailing improvements, such as backing bar
removal, back gouge with reinforcing fillet weld, modified weld access holes, and
beam web groove weld and use of vertical run off tabs, unreinforced fully welded
moment connections can achieve the target inelastic rotation of 0.03 radians prior to
beam fracture.
(2) Replacing the low toughness weld electrode using a notch tough electrode shifted the
location with highest fracture potential to the toe of the weld access hole in
connections with conventional access hole configurations.  In some prior connection
tests, ductile fracture initiating at the edges of weld access holes was observed. An
effort was made to study the influence of access hole geometry and size on the
potential of ductile fracture initiation near the weld access holes. Nine different
access hole configurations were included in the study.  The results of the investigation
indicate the importance of selecting a proper weld access hole configuration. The
particular configuration recommended was the so-called “modified access hole”,
consisting of a flat region on the beam flange of one beam flange thickness. This
access hole was used in fabricating the welded unreinforced beam-to-column
connection test specimens.  The experimental test results indicated that the modified
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weld access hole detail improves the performance of welded unreinforced moment
connections. No flange fracture initiated from the weld access hole region, which did
occur in numerous other tests conducted by SAC where the specimens had the
conventional weld access hole and unreinforced beam flange welded with a notch
tough electrode.  Modified weld access holes are recommended for use in an IMF or
SMF system.  The conventional AISC weld access holes may be used in an OMF
system.
(3) The web attachment detail can significantly affect the ductility of the connection.  A
beam web attachment detail consisting of a groove welded web and supplemental
fillet welds around the beam shear tab, or a heavy shear tab groove welded to the
column and fillet welded to the beam web, produced the best results.  The total plastic
story drift of the specimens with the groove welded beam web detail ranged from
3.5% to 5.2% radians.  Run off tabs were found to significantly improve the quality of
the beam web groove weld and thereby the connection performance.  The total plastic
story drift of the specimen with the heavy shear tab detail was 5.0% radians, without
any fracture occurring during the test.
(4) The specimens with a stronger panel zone had better performance than those with a
weak panel zone. In the exterior connection specimen tests initial fracture occurred in
the vertical welds connecting the shear tab or beam web to the column flange. Those
test specimens, which had a relatively weak panel zone with Vpz/Vp = 0.99, developed
significant shear deformation in the panel zone that led to a local prying of the beam
flange welds as well as an increase in the plastic strain demand on the beam web
welds.  Interior connection specimens with a stronger panel zone, where Vpz/Vp was
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equal to 0.77 and 0.74, had much smaller or no web weld fracture.  The finite element
fracture analyses showed that limiting the amount of panel zone deformation can
control the problem of web weld fracture. In some applications, this would require
strengthening of the panel zone using doubler plates.  The test results indicate that
better performance can be achieved if the panel zone strength is based on only the
first term of Equation (9.1) in the 1997 AISC Seismic Provisions without considering
post-yield deformations and flange bending effects in the panel zone as does the
second term in Equation (9.1).
(5) A new continuity plate design criterion in proposed that is based on the deformation
of the column flange and related to low-cycle fatigue failure.  The non-seismic
requirements for continuity plates in the LRFD Specification should also be checked.
Continuity plates with a thickness of one-half the beam flange thickness are
recommended when continuity plates are required.  All specimens tested under SAC
Subtask 7.05 without continuity plates had plastic story drift greater than 3.2%
radians.  These specimens had different column sizes resulting in a beam flange
width-to-column flange thickness ratio (bf,bm/tf,col) ranging from 4.2 (W36x150 beam
+ W14x398 column) to 6.8 (W36x150 beam + W27x258 column).
(6) It is recommend that shear studs not be placed in the plastic hinge region of the beam,
where local beam flange buckling is expected.  The welding of a shear stud increases
the cyclic strain from the stress concentration, and reduced the low cycle fatigue life.
This accelerates crack development.
(7)  The low-cycle fatigue failure analysis results showed a good correlation with test
results.  This method was shown to effectively predict potential fracture locations and
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the number of cycles to failure very well for the test specimens without local
buckling.  The method is valid for material under either monotonic or cyclic loading.
It overcame the shortcomings of the pervious fracture analysis approaches, which
were based on analysis results from monotonic loading. The measured strains on the
surface of the beam flange complete penetration groove welds were found to be
reduced in the test specimens when beam flange local buckling developed compared
to specimens that did not develop local buckling. For a connection with a strong panel
zone the predicted number of cycles to failure presented a lower bound of the
ductility of the connections since the current ABAQUS finite element model was not
able to properly capture beam flange local bucking effects. The accuracy of the low-
cycle fatigue failure analysis is dependent on the computed state of stress and strain.
Further finite element studies are needed to consider the effects of local buckling in
welded unreinforced flange moment connections under cyclic loading.
The results and conclusions presented are based on studies on a limited number of
full-scale exterior and interior connection assemblies with W36x150 A572 Grade 50
beams and columns. Further research is necessary to study the behavior of connections
having different member sizes used in seismically resistant design.
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Appendix A
Specimen Test Summaries
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TEST SUMMARY OF SPECIMEN T1
Specimen ID T1
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, weld fracture, plastic rotation
Test Location ATLSS Research Center, Lehigh University
Test Date May 4, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon
tests
Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 55.5 55.1 flange
61.8 web
72.5 71.6 flange
75.1 web
Column W14x311 A572 Gr.50 54 47.3 flange
49.2 web
71 69.5 flange
70.0 web
Shear tab 5/8”plate A572 Gr.50 N.A. 51.3 N.A. 75.5
Continuity Plate 1” plate A36 N.A. 38.2 N.A. 62.9
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms
with AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
No doubler plates.
1” thick plates with CJP weld.
Single –sided test, no floor slab, axial force in lower part of column equal to
beam shear force, specimen tested in upright position.
The run off tabs on the beam flange were removed.  Top flange backup bar
remained, a reinforcing fillet weld was provided between the bottom surface of
the backing bar and the column flange using a AWS E71-8 electrode.  The
bottom beam flange backing bar was removed using the air-arc process &
reinforced with a fillet weld using the same electrode.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First yielding in the column panel zone
and minor yielding at beam top flange
occurred during the 5th drift cycle
(having 0.375% targeted drift) when an
accidental increased amplitude of 1%
was applied.
2 Cracking initiated in the groove weld at
the top and bottom edges of the shear tab
during 2% drift cycles.
3 Minor local buckling of beam flanges
near column face during 3% drift cycles,
and yielding at the column flange in the
panel zone.
4 Cracking initiated at the  interface of the
weld metal and base metal of both the
top and bottom flanges during 4% drift
cycles.
5 Fracture occurred in the bottom beam
flange base metal during  2nd cycle of 5%
drift, (5.2” displacement).
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
301
7.8
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.41
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
3.5
1.9
25.8
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 20,219
Mode of failure:
Ductile fracture of the bottom beam flange during the 2nd cycle of 5% drift. The stable
crack size was an average of 3/16 in. through the flange thickness, where the reduced
flange section was approximately 73% of the flange gross area at the time of fracture.
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column top displacement (in.)
Beam Bottom Flange Fracture
ACTUATOR FORCE-DISPLACEMENT RESPONSE
-2
-1.5
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1.5
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total plastic rotation (rad.)
Beam Bottom Flange Fracture
MOMENT-TOTAL PLASTIC ROTATION RESPONSE
-2
-1.5
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-0.5
0
0.5
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Panel zone plastic rotation (rad.)
Beam Bottom
 Flange Fracture
Spec. T1
MOMENT- PANEL ZONE PLASTIC ROTATION RESPONSE
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DISCUSSION
Specimen T1 first yielded in the column panel zone and the beam top flange near the
column face during a cycle having a targeted drift of 0.375% when an accidental over
load occurred resulting in a beam displacement of 1.6”(corresponding to 1% drift).
Except for this accidental overload the imposed displacement history during testing
followed the SAC protocol.  The groove weld on the shear tab started cracking during the
2% drift cycles and propagated in subsequent cycles.  Minor local buckling of beam
flanges near the column face occurred during 3% drift cycles, and also the column flange
of the pane zone began to yield.   The interface of the weld metal and base metal of both
the beam top and bottom flanges started to crack during 4% drift cycles.  The beam
bottom flange fractured in the base metal near the HAZ at a displacement of 5.2” during
the 2nd cycle of 5% drift.  Total plastic rotation reached 3.5% rad., which included 2.4%
rad. of  plastic shear deformation in the panel zone.  The test results indicate that the
column panel zone is relatively weak where a majority of the plastic deformation
occurred in the column panel zone.  The modified weld access hole performed very well
during test.  No cracking was found in the access hole local region.
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 PHOTOS AFTER TESTING
Beam bottom flange base metal and shear tab weld failure
Specimen T1 after completion of testing, fracture occurred in the beam
bottom flange base metal and weld of shear tab
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TEST SUMMARY OF SPECIMEN T2
Specimen ID T2
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, panel zone yielding, weld fracture,
plastic rotation
Test Location ATLSS Research Center, Lehigh University
Test Date June 30, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 55.5 55.1 flange
61.8 web
72.5 71.6 flange
75.1 web
Column W14x311 A572 Gr.50 54 47.3 flange
49.2 web
71 69.5 flange
70.0 web
Shear tab 5/8”plate A572 Gr.50 N.A. 51.3 N.A. 75.5
Continuity Plate 1” plate A36 N.A. 38.2 N.A. 62.9
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange.
No doubler plates.
1” thick plates with CJP weld.
Single –sided test, no floor slab, axial force in lower part of column equal to
beam shear force, specimen tested in upright position.
The run off tabs on the beam flange were removed.  Top flange backup bar
remained, a reinforcing fillet weld was provided between the bottom surface of
the backing bar and the column flange using a AWS E71-8 electrode.  The
bottom beam flange backing bar was removed using the air-arc process &
reinforced with a fillet weld using the same electrode.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First yielding in the column panel zone
and minor yielding at beam flanges near
column face during the 1% drift cycle.
2 Cracking initiated at the interface of the
weld metal and base metal of both top
and bottom flanges of beam during 2%
drift cycles.
3 Local buckling of beam flanges occurred
near column face during 3% drift cycles.
4 Fracture occurred at the interface of base
metal and weld metal of the beam top
flange during the 2nd cycle of 4% drift.
5 Fracture occurred at the top erection
shear bolt and in the beam web groove
weld during the 1st cycle of 5% drift.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
297
7.23
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.39
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
2.5
1.3
19.1
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 16,634
Mode of failure:
Ductile fracture of the beam top flange during the 1st cycle of 4% drift. The stable crack
size was on average of 3/32in. through the flange thickness, where the reduced flange
section was approximately 91% of the flange gross area at the time of fracture.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
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column top displacement (in.)
Beam Top 
Flange Fracture
Beam Web Weld Fracture
Spec. T2
MOMENT-TOTAL PLASTIC ROTATION RESPONSE
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Total plastic rotation (rad.)
Beam Top 
Flange Fracture
Beam Web Weld Fracture
Spec. T2
PANEL ZONE MOMENT- PLASTIC ROTATION RESPONSE
-2
-1.5
-1
-0.5
0
0.5
1
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2
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Panel zone plastic rotation (rad.)
Beam Top 
Flange Fracture
Beam Web 
Weld Fracture
Spec. T2
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DISCUSSION
Specimen T2 first yielded in the column panel zone and the beam flanges near the
column face during 1% drift cycles. Cracks appeared at the interface of the weld metal
and the base metal of the beam flanges during the 2% drift cycles, and propagated in
subsequent cycles.  Local buckling of the beam flanges occurred near the column face
during 3% drift cycles. The beam top flange fractured at the interface of the weld and
base metals, initiating at the edge of the flange during the 2nd cycle of 4% drift.  The top
erection bolt and beam web weld fractured during the 1st cycle of 5% drift, corresponding
to 7.23 inches of column tip deformation.   Total plastic rotation reached in the 4% drift
cycles before fracture occurred was 2.5% rad., which included 1.8% rad. of plastic shear
deformation in the panel zone.  The test results indicate that the column panel zone is
relatively weak where a majority of the plastic deformation occurred in the column panel
zone.  The modified weld access hole performed very well during test.  No cracking was
found in the access hole local region.
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 PHOTOS AFTER TESTING
Beam top flange fractured at the interface of base and weld metals,
initiating at the edge of the flange
Specimen T2 after completion of testing, fracture occurred in the beam
top flange base metal, top erection bolt and weld of beam web
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TEST SUMMARY OF SPECIMEN T3
Specimen ID T3
Key Words Notch-tough electrode material, modified weld access hole,
supplemental web fillet weld, panel zone yielding, weld
fracture, plastic rotation
Test Location ATLSS Research Center, Lehigh University
Test Date May 17, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength
(ksi)Member Size Grade
Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 55.5 55.1 flange
61.8 web
72.5 71.6 flange
75.1 web
Column W14x311 A572 Gr.50 54 47.3 flange
49.2 web
71 69.5 flange
70.0 web
Shear tab 5/8”plate A572 Gr.50 N.A. 51.3 N.A. 75.5
Continuity Plate 1” plate A36 N.A. 38.2 N.A. 62.9
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was fillet
welded to shear tab.
No doubler plates.
1” thick plates with CJP weld .
Single –sided test, no floor slab, axial force in lower part of column equal to
beam shear force, specimen tested in upright position.
The run off tabs on the beam flange were removed.  Top flange backup bar
remained, a reinforcing fillet weld was provided between the bottom surface of
the backing bar and the column flange using a AWS E71-8 electrode.  The
bottom beam flange backing bar was removed using the air-arc process &
reinforced with a fillet weld using the same electrode.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First yielding in the column panel zone
and minor yielding at the beam flanges
near column face during the 1% drift
cycle.
2 Small crack initiated at the tip of shear
tab fillet weld at column flange during
1.5% drift cycles.
3 Minor crack initiated at the interface of
weld metal and base metal of the beam
top flange during 2% drift cycles.
4 Crack initiated at the interface of weld
metal and base metal of the beam bottom
flange during 3% drift cycles.  Crack in
fillet weld propagated completely
through depth of shear tab.
5 Fracture occurred in the beam bottom
flange base metal at 0.2” of displacement
during the 2nd cycle of 3% drift.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
236.1
4.68
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.10
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
2.0
0.3
11.6
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 5,107
Mode of failure:
Ductile fracture of the beam bottom flange during the 2nd cycle of 3% drift. The stable
crack size was an average of 1/8 in. through the flange thickness, where the reduced
flange section was approximately 94% of the flange gross area at the time of fracture.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
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DISCUSSION
Specimen T3 first yielded in the column panel zone and the beam flanges near the
column face at the 1% drift cycle.  Cracking initiated in the fillet weld at the top and
bottom edges of the shear tab during 1.5% drift cycles.  The interface of the weld metal
and base metal of the beam flanges started to crack during 2% drift cycles. The fillet weld
of the shear tab completely fractured through the depth of shear tab during the 1st cycle of
3% drift.  The beam shear force was then resisted entirely by the beam flanges after the
fillet weld of the shear tab fractured.  Large deformation of the beam flanges near the
HAZ was observed during 3% drift cycle.  The bottom flange fractured in the base metal
at a 0.2” displacement during the 2nd cycle of 3% drift.  Total plastic rotation during the
test reached 2% rad.  The test results show that the fillet weld of the shear tab is not
strong enough to resist the moment which is transferred from the beam web by the shear
tab supplemental fillet welds.  The modified weld access hole performed very well during
test.  No cracking was found in the access hole local region before the bottom flange
fractured.  The beam flange fracture mode of this specimen is very similar to the one
observed in Specimen T1.
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PHOTOS AFTER TESTING
Beam bottom flange base metal failure
Specimen T3 after completion of testing, fracture occurred in the beam
bottom flange base metal and fillet weld of shear tab
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TEST SUMMARY OF SPECIMEN T4
Specimen ID T4
Key Words Notch-tough electrode material, modified weld access hole,
beam bolted shear tab, panel zone yielding, weld fracture,
plastic rotation
Test Location ATLSS Research Center, Lehigh University
Test Date June 18, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon
tests
Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 55.5 55.1 flange
61.8 web
72.5 71.6 flange
75.1 web
Column W14x311 A572 Gr.50 54 47.3 flange
49.2 web
71 69.5 flange
70.0 web
Shear tab 5/8”plate A572 Gr.50 N.A. 51.3 N.A. 75.5
Continuity Plate 1” plate A36 N.A. 38.2 N.A. 62.9
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms
with AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam shear tab.  Conforms
with AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with ten A325 bolts, tightened in accordance with
Protocol for Fabrication of Beam-to-Column Connection Tests, Report No.
SAC/BD-97/02.
No doubler plates.
1” thick plates with CJP weld.
Single –sided test, no floor slab, axial force in lower part of column equal to
beam shear force, specimen tested in upright position.
The run off tabs on the beam flange were removed.  Top flange backup bar
remained, a reinforcing fillet weld was provided between the bottom surface of
the backing bar and the column flange using a AWS E71-8 electrode.  The
bottom beam flange backing bar was removed using the air-arc process &
reinforced with a fillet weld using the same electrode.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First yielding in the column panel zone
and minor yielding of beam flanges near
column face during the 1% drift cycle.
2 Cracking initiated at the interface of the
weld metal and base metal of both top
and bottom flanges of beam during 2%
drift cycles.
3 Local buckling of beam flanges occurred
near column face during 3% drift cycles.
4 Beam top flange developed a through-
thickness crack of 3” length at the
interface of the weld and base metal,
initiating at the edge of the flange during
the 2nd cycle of 3% drift.
5 Fracture occurred in the base metal of
the beam top flange during the 1st cycle
of 4% drift, (2.3” displacement).
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
243
5.94
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.14
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
1.8
0.7
14.9
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 8,593
Mode of failure:
Ductile fracture of the beam top flange during the 1st cycle of 4% drift. The stable crack
size was on average of 1/8 in. through the flange thickness, where the reduced flange
section was approximately 86% of the flange gross area at the time of fracture.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
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DISCUSSION
Specimen T4 first yielded in the column panel zone and the beam flanges near the
column face during 1% drift cycles. Cracks appeared at the interface of weld metal and
the base metal of beam flanges during the 2% drift cycles, and propagated in subsequent
cycles.  Local buckling of the beam flanges occurred near the column face during 3%
drift cycles. The beam top flange developed a through thickness crack of 3 in. length at
the interface of the weld and base metals, initiating at the edge of the flange during the
2nd cycle of 3% drift.  The beam top flange fractured in the base metal near the HAZ at a
displacement of 2.3 in. during the 1st cycle of 4% drift.   Total plastic rotation reached in
the 3% drift cycles before fracture occurred was 1.8% rad., which included 0.8% rad. of
plastic shear deformation in the panel zone.  The shear tab yielded locally near the bolt
holes.  No cracking was found in fillet weld of the shear tab. Slip developed between the
beam web and shear tab, which reached 7/16 in. during the 4% drift cycles.  The test
results indicate that this slip reduced the plastic deformation demand in the panel zone.
The modified weld access hole performed well during the test.  No cracking was found in
the access hole local region.
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PHOTOS AFTER TESTING
Beam top flange base metal failure
Specimen T4 after completion of testing,
fracture occurred in the beam top flange base metal
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TEST SUMMARY OF SPECIMEN T5
Specimen ID T5
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, weld fracture, plastic rotation, burr grinding
Test Location ATLSS Research Center, Lehigh University
Test Date January 7, 2000
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao and Joel Ojeda
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 55.5 55.1 flange
61.8 web
72.5 71.6 flange
75.1 web
Column W14x311 A572 Gr.50 54 47.3 flange
49.2 web
71 69.5 flange
70.0 web
Shear tab 5/8”plate A572 Gr.50 N.A. 51.3 N.A. 75.5
Doubler plate 1/2” plate A 572 Gr.50 53 N.A. 72 N.A.
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam flange,
0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with AWS 5.20
Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
½” doubler plate at one side.
None
Single –sided test, no floor slab, axial force in lower part of column equal to beam
shear force, specimen tested in upright position.
The run off tabs on the beam flange and beam web were removed.  Top flange
backup bar remained, a reinforcing fillet weld was provided between the bottom
surface of the backing bar and the column flange using a AWS E71T-8 electrode.
The bottom beam flange backing bar was removed using the air-arc process, back
gouged, and reinforced with a fillet weld using the same electrode.  The toe of the
groove weld at the underside of the bottom beam flanges was burr ground to a
depth of about 1/32 in.  Beam web groove was ground to produce a smooth profile
at the top and bottom of the shear tab.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First yielding in the beam flanges near
column face during 0.75% drift cycles.
2 Minor yielding in the column panel zone
during 1.5% drift cycles.
3 Minor local buckling of beam flanges
near column face during 3% drift cycles,
and yielding at the column flange in the
panel zone.
4 Cracking initiated at the center of the
fusion line at the beam bottom flanges
during 4% drift cycles.
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Yielding disp.=1% drift
                 =1.56in.
1
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5
5 Fracture occurred in the local bucking
location of the beam bottom flange
during the 2nd cycle of 6% drift.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
315
8.9
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.48
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
5.4
0.5
44.6
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 13,133
Mode of failure:
Ductile fracture at the local buckling location of the bottom beam flange during the 2nd
cycle of 6% story drift.
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DISCUSSION
Specimen T5 first yielded in the beam flanges near the column face during the 0.75%
story drift cycles.  The doubler plate yielded during the 1.5% story drift cycles. Minor
local buckling occurred in the beam flanges near the column face during the 3% story
drift cycles, and yielding occurred at the column flange in the panel zone.  During the 4%
story drift cycles, cracks initiated at the middle of the weld fusion line of beam bottom
flange.  These cracks did not propagate in subsequent cycles.  During the 4% story drift
cycles severe local buckling occurred in the beam flanges and beam web.  The beam
bottom flange fractured during the second cycle of 6% story drift.  The test results
indicate that the stronger column panel zone resulted in more plastic deformation in the
beams.  And also greater total plastic rotation than the weak panel zone Specimen T1.
During the test the panel zone developed a maximum plastic shear deformation of 0.5%
radian.  The total plastic rotation achieved was 5.4% radian. The modified weld access
hole performed very well during the test. No cracking occurred in the access hole region
during the test.  Also no cracking was found at the toe of the beam web groove weld at
top and bottom edge at the end of testing.  The practice of using run off tabs at the beam
web significantly improved the quality of the web groove weld and thereby the
performance of the connection.  The test results supported the conclusion that a strong
panel zone could reduce the strain concentration at the edges of beam web weld.  It also
implied that the continuity plate was not necessary for this connection.
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PHOTOS AFTER TESTING
Beam local buckling at the cycle of 5% story drift
Specimen T5 after completion of testing, fracture occurred in local bucking location of
the beam bottom flange
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TEST SUMMARY OF SPECIMEN T6
Specimen ID T6
Key Words Notch-tough electrode material, modified weld access hole,
groove welded heavy shear tab, supplemental fillet weld,
panel zone yielding, plastic rotation, burr grinding
Test Location ATLSS Research Center, Lehigh University
Test Date February 11, 2000
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao and Joel Ojeda
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength
(ksi)Member Size Grade
Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 55.5 55.1 flange
61.8 web
72.5 71.6 flange
75.1 web
Column W14x311 A572 Gr.50 54 47.3 flange
49.2 web
71 69.5 flange
70.0 web
Shear tab 1 ¼”plate A572 Gr.50 52 N.A. 74 N.A.
Doubler plate 1/2” plate A 572 Gr.50 53 N.A. 72 N.A.
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms
with AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
1 1/4” x 10” x 29” plate with two A325 erection bolts, shear tab plate was
groove welded to column flange, beam web was fillet welded to shear tab.
½” doubler plate at one side.
None
Single –sided test, no floor slab, axial force in lower part of column equal to
beam shear force, specimen tested in upright position.
The run off tabs on the beam flange were removed.  Top flange backup bar
remained, a reinforcing fillet weld was provided between the bottom surface of
the backing bar and the column flange using a AWS E71T-8 electrode.  The
bottom beam flange backing bar was removed using the air-arc process, back
gouged, and reinforced with a fillet weld using the same electrode.  The toe of
the groove weld at the underside of the bottom beam flanges was burr ground to
a depth of about 1/32 in.  Beam web groove was ground to produce a smooth
profile at the top and bottom of the shear tab.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First yielding in the beam flanges near
column face during 0.75% drift cycles.
2 Minor yielding in the column panel zone
during 1.0% drift cycles.
3 Minor local buckling of beam flanges
near column face during 3% drift cycles,
and yielding at the column flange in the
panel zone.
4 Cracking initiated at the center of the
fusion line at the beam bottom flanges
during 4% drift cycles.
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Yielding disp.=1% drift
                 =1.56in.
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5 Test ended at the end of the 2nd cycles of
6% story drift with no fracture occurred
at specimen.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
330
9.0
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.51
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
5.0
0.8
52.4
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 16,427
Mode of failure:
No fracture occurred in specimen at the end of test.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
-400
-300
-200
-100
0
100
200
300
400
-10 -8 -6 -4 -2 0 2 4 6 8 10
column top displacement (in.)
MOMENT-TOTAL PLASTIC ROTATION RESPONSE
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
total plastic rotation (rad.)
MOMENT- PANEL ZONE PLASTIC ROTATION RESPONSE
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
panel zone plastic rotation (rad.)
Development And Evaluation Of Improved Details For Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
327
DISCUSSION
Specimen T6 first yielded in the beam flanges near the column face during 0.75% story
drift cycles.  The doubler plate yielded during the first cycle of 1.0% story drift. Minor
local buckling occurred in the beam flanges near the column face during the 3% story
drift cycles, and yielding occurred at the column flange in the panel zone.  During the 4%
story drift cycles, cracks initiated at the middle of the fusion line of the beam bottom
flange.  These cracks did not propagate in subsequent cycles.  During the 4% story drift
cycles severe local buckling occurred in the beam flanges and beam web.  A small crack
was found at the beam web near the top corner of the heavy shear tab during the 5% story
drift cycles.  The test was terminated without fracture at the second cycle of the 6% story
cycle. The test results indicate that the stronger column panel zone resulted in more
plastic deformation in the beams than the panel zone.  During the test the panel zone
developed a maximum plastic shear deformation of 0.8% radian, the total plastic rotation
achieved was 5.0% radian. The modified weld access hole performed well during the test.
No cracking occurred in the access hole region during the test.  Also no cracking was
found at the toe of the groove weld at the bottom and top of the shear tab.  The heavy and
wider shear tab shifted the plastic hinge from ½ beam depth to ¾ beam depth from the
column face, where the former occurred in specimen with a regular shear.  It reduced the
plastic strain at the critical potential fracture locations, namely at the interface of the weld
metal and base metal of the beam flange.  However, it caused early panel zone yielding
which resulted an inslightly more panel zone plastic deformation than that of Specimen
T5.  The test results show that groove welded heavy shear tab is a viable alternative to the
beam web attachment detail of a regular shear tab that with a vertical groove weld at the
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beam web.  The test results also implied that the continuity plate was not necessary for
this connection.
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 PHOTOS AFTER TESTING
Beam local buckling at the cycle of 6% story drift
Specimen T6 after completion of testing, no fracture occurred
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TEST SUMMARY OF SPECIMEN C1
Specimen ID C1
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, weld fracture, plastic rotation
Test Location ATLSS Research Center, Lehigh University
Test Date September 14, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
Development And Evaluation Of Improved Details For Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
331
MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 57 56.7 flange
62.9 web
73 72.5
flange
75.3 web
Column W14x398 A572 Gr.50 54 53.2 flange
52.2 web
74 72.4
flange
72.0 web
Shear tab 5/8”plate A572 Gr.50 N.A 51.3 N.A 75.5
Doubler Plate 3 /4 ” plate A572 Gr.50 57 57.1 76 76.7
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
2- 3 /4 ” doubler plates.
No continuity plates.
Two –sided test, no floor slab, no axial force in column, specimen tested in
upright position.
The run off tabs on the beam flange were removed.  Top flange backup bar
remained, a reinforcing fillet weld was provided between the bottom surface of
the backing bar and the column flange using a AWS E71T-8 electrode.  The
bottom beam flange backing bar was removed using the air-arc process, back
gouged, and reinforced with a fillet weld using the same electrode.  The toe of
the groove weld at the underside of the bottom beam flanges was burr ground to
a depth of about 1/32 in.  The beam web groove was ground to produce a smooth
profile at the top and bottom of the shear tab.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First minor yielding in the beam flanges near
column face during 0.75% drift cycle.
2 Minor yielding in the doubler plates of
column panel zone during 1% drift cycles.
3 Minor local buckling of beam flanges, and
cracking initiated in the web groove weld at
the top edge of the shear tab of the west
beam during the 2% drift cycles.
4 Cracking initiated in the web groove weld at
the top edge of the shear tab of the west
beam during the 3% drift cycles
5 Severe local buckling occurred in the beam
flanges and web during 4% drift cycles, and
cracking initiated at the interface of the weld
metal and base metal at the south edge
(opposite the shear tab side) of the west
beam top flange at the end of the 4% drift
cycles.
6 Fracture occurred in the top flange,
propagating approximately 80% across the
flange width and in the base metal of the
west beam during the 1st cycle of 5% drift.
The west beam was released at the end of the
1st cycle of 5% drift.
7 Fracture occurred in the top flange base
metal of the east beam during the 2nd cycle of
5% drift.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
551
7.8
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,953
1.31 (east beam)
1.34 (west beam)
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
3.9 (east beam)
2.8 (west beam)
0.7
32.3
Energy Dissipation Properties Cumulative energy dissipated (k-in.) 33,953
Mode of failure:  Ductile fracture of the west beam top flange during the 1st cycle of 5% drift, east beam top
flange during the 2nd cycle of 5% drift.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
-800
-600
-400
-200
0
200
400
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800
-10 -8 -6 -4 -2 0 2 4 6 8 10
Column top displacement (in.)
East Beam Top Flange Fracture
West Beam Released
West Beam Top Flange Crack
Spec. C1
ACTUATOR FORCE - TOTAL PLASTIC ROTATION RESPONSE
-800
-600
-400
-200
0
200
400
600
800
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Total plastic rotation (rad.)
East Beam Top Flange Fracture
West Beam Released
West Beam Top Flange Crack
Spec. C1
ACTUATOR FORCE - PANEL ZONE PLASTIC ROTATION RESPONSE
-800
-600
-400
-200
0
200
400
600
800
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Panel zone plastic rotation (rad.)
East Beam Top 
Flange Fracture
West Beam Released
West Beam Top Flange Crack
Spec. C1
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EAST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
0.75
1.25
1.75
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Beam plastic rotation (rad.)
East Beam Top 
Flange Fracture
0.8Mp
Spec. C1
0.8Mp
WEST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
0.75
1.25
1.75
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Beam plastic rotation (rad.)
West Beam Top 
Flange Crack
0.8Mp
Spec. C1
0.8Mp
DISCUSSION
Specimen C1 first yielded in the beam flanges near the column face during the 0.75%
drift cycle.  The doubler plates yielded during the initial 1% drift cycle.  The groove
welds on the top edge of the shear tab of the west and east beams started cracking during
the 2% and 3% drift cycles, respectively, and propagated in subsequent cycles.  Minor
local buckling of the beam flanges occurred near the column face during the 2% drift
cycles, and the column flange of the panel zone began to yield. Severe local buckling
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occurred in the flanges and web of both beams during the 4% drift cycles. A crack
initiated at the interface of the weld and base metals of the top flange of the west beam at
the end of the 4% drift cycles, and propagated through 80% of the flange width by the
end of the 1st cycle of 5% drift. After the first cycle of 5% drift was completed, the west
beam reaction was released to continue the test with only the east beam. The crack in the
web groove weld of the west beam had propagated to 45% of the length of the weld.
During the 2nd cycle of 5% drift the east beam top flange fractured in the HAZ of the base
metal, propagating rapidly across the beam flange. The corresponding total plastic
rotation reached was 4.0% rad.  The test results indicate that the stronger column panel
zone forced more local buckling in the beams.  The panel zone reached the maximum
plastic shear deformation of 0.7% rad. During the first half-cycle of 4% drift the
maximum load during the test was reached; the corresponding total plastic rotation was
2.7% rad. The panel zone deformation was significantly reduced after severe local
buckling developed in the beam, which resulted in deterioration in beam capacity during
subsequent cycles.  The modified weld access hole performed well during the test.  No
cracking was found in the access hole region at the bottom beam flanges.  The top access
holes cracked after the beam top flange fracture propagated across the flange width.  No
cracking was found at the toe of the groove weld at the beam flange where the burr
grinding was performed.
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PHOTOS TAKEN AFTER TESTING
West beam top flange base metal fracture
East beam top flange base metal and weld fracture
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West beam web groove weld had
cracked through 45% of the depth of the
beam shear tab upon completion of test
Specimen C1 after completion of testing, fracture occurred in the
top flange base metal and web welds of both beams
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TEST SUMMARY OF SPECIMEN C2
Specimen ID C2
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, weld fracture, plastic rotation, burr grinding
Test Location ATLSS Research Center, Lehigh University
Test Date September 23, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao and Joel Ojeda
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength
(ksi)Member Size Grade
Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 57 56.7 flange
62.9 web
73 72.5 flange
75.3 web
Column W14x398 A572 Gr.50 54 53.2 flange
52.2 web
74 72.4 flange
72.0 web
Shear tab 5/8”plate A572 Gr.50 N.A 51.3 N.A 75.5
Doubler plate 3 /4 ” plate A572 Gr.50 57 57.1 76 76.7
Continuity plate 1” plate A572 Gr. 50 56 53.0 77 70.9
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
2- 3 /4 ” doubler plates.
1” continuity plates.
Two –sided test, no floor slab, no axial force in column, specimen tested in
upright position.
The run off tabs on the beam flanges and beam webs were removed.  Top flange
backup bar remained, a reinforcing fillet weld was provided between the bottom
surface of the backing bar and the column flange using a AWS E71T-8 electrode.
The bottom beam flange backing bar was removed using the air-arc process,
back gouged, and reinforced with a fillet weld using the same electrode.  The toe
of the groove weld at the underside of the bottom beam flanges were burr ground
to a depth of about 1/32 in.  The beam web groove was ground to produce a
smooth profile at the top and bottom of the shear tab.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First minor yielding in the beam flanges near
column face during 0.75% drift cycle.
2 Minor yielding in the doubler plates of
column panel zone during 1% drift cycles.
3 Minor local buckling of beam flanges during
the 2% drift cycles.
4 Cracking initiated in the groove weld at the
top edge of the shear tab of both beams
during the 3% drift cycles.
5 Severe local buckling occurred in the beam
flanges and web during the 4% drift cycles;
cracking initiated at the interface of the weld
metal and base metal at the south edge of the
top flange (opposite the shear tab side) of
both beams at the end of the 4% drift cycles.
6 Fracture occurred in the base metal of the
bottom flange of the east beam and top
flange of the west beam during the 2nd cycle
with 6% drift.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
578
8.92
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,953
1.34 (east beam)
1.28 (west beam)
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
5.0 (east beam)
5.0 (west beam)
0.7
53.1
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 51,102
Mode of failure:
Ductile fracture of the west beam top flange and east beam bottom flange during the 2nd cycle of 6%
drift.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
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Column top displacement (in.)
Beam Flanges Fracture
Spec. C2
ACTUATOR FORCE - TOTAL PLASTIC ROTATION RESPONSE
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Total plastic rotation (rad.)
Beam Flanges Fracture
Spec. C2
ACTUATOR FORCE - PANEL ZONE PLASTIC ROTATION RESPONSE
-800
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-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Panel zone plastic rotation (rad.)
Beam Flanges Fracture
Spec. C2
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EAST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
0.75
1.25
1.75
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Beam plastic rotation (rad.)
Beam Flanges Fracture
Spec. C2
0.8Mp
0.8Mp
WEST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
0.75
1.25
1.75
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Beam plastic rotation (rad.)
Beam Flanges Fracture
Spec. C2
0.8Mp
0.8Mp
DISCUSSION
Specimen C2 first yielded in the beam flanges near the column face during the 0.75%
drift cycle.  The doubler plates yielded during the initial 1% drift cycle. Minor local
buckling occurred in the beam flanges near the column face during the 2% drift cycles;
also the column flange of the panel zone began to yield.  Cracks initiated in the web
groove welds on the top edge of the shear tab of both beams during the 3% drift cycles,
but did not propagate in subsequent cycles. Severe local buckling occurred in the flanges
and web of both beams during the 4% drift cycles. At the end of the 4% drift cycles a
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crack initiated at the interface of the weld and base metals at the edge of the top flange of
both beams.  The east beam bottom flange and west beam top flange fractured during the
first half of the 2nd  cycle of 6% drift.  The fracture in the east beam occurred in the base
metal close to the HAZ, propagating from a crack that had initiated at the north edge of
the weld-base metal interface of the bottom flange.  The fracture in the west beam top
flange occurred in the base metal at the location of severe cyclic flange buckling, at the
distance of 6 inches from away from the column face.  The test results indicate that the
stronger column panel zone resulted in more local buckling in the beams.  The panel zone
developed the maximum plastic shear deformation of 0.7% rad. during the first cycle of
4% drift as the maximum load was reached during the test; the corresponding total plastic
rotation was 2.5% rad.  The panel zone deformation was reduced in the subsequent cycles
due to the deterioration in beam capacity caused by severe local beam flange and web
buckling.  The modified weld access hole performed well during the test.  No cracking
was found in the access hole region.  Also, no cracking was found at the toe of the beam
flange groove weld where the burr grinding was performed.  The practice of using run off
tabs at the beam web significantly improved the web groove weld and performance of the
connection.  The cracking in the beam web groove weld was less severe than that of the
previous tests that did not use web run off tabs. The fillet weld on the shear tab developed
cracking due to prying of the shear tab as cyclic local buckling occurred in the beam.
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PHOTOS TAKEN AFTER TESTING
Specimen C2 after completion of testing; fracture occurred in the beam
flange base metal and beam web groove weld.
West beam top flange base metal fracture at local flange buckle.
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East beam bottom flange base metal fracture and beam web fillet weld cracking.
         
West and east beam web groove weld after testing
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TEST SUMMARY OF SPECIMEN C3
Specimen ID C3
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, weld fracture, plastic rotation, burr grinding
Test Location ATLSS Research Center, Lehigh University
Test Date November 9, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao and Joel Ojeda
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 56 55.1 flange
61.8 web
73 71.6 flange
75.1 web
Column W27x258 A572 Gr.50 53 50.2 flange
55.7 web
70 73.3 flange
72.8 web
Shear tab 5/8”plate A572 Gr.50 N.A 51.3 N.A 75.5
Doubler plate 5/8” plate A572 Gr.50 63.8 64.5 85.6 85.2
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
2- 5 /8 ” doubler plates, plug welds provided to each to conform with Section 9of
the AISC LRFD Seismic Specification..
No continuity plates.
Two –sided test, no floor slab, no axial force in column, specimen tested in
upright position.
The run off tabs on the beam flanges and beam webs were removed.  Top flange
backup bar remained, a reinforcing fillet weld was provided between the bottom
surface of the backing bar and the column flange using a AWS E71T-8 electrode.
The bottom beam flange backing bar was removed using the air-arc process,
back gouged, and reinforced with a fillet weld using the same electrode.  The toe
of the groove weld at the underside of the bottom beam flanges was burr ground
to a depth of about 1/32 in.  Beam web groove was ground to produce a smooth
profile at the top and bottom of the shear tab.
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First minor yielding in the beam flanges near
column face during 0.75% drift cycle.
2 Minor yielding in the doubler plates of
column panel zone during 1.5% drift cycles.
3 Minor yielding in the column flanges; and
cracking initiated in the groove weld at the
edges of the shear tab of both beams during
the 2% drift cycles.
4 Minor local buckling of beam flanges,
cracking initiated at the interface of weld
metal and base metal at the center of the
bottom flanges of the both beams during 3%
drift cycles.
5 Severe local buckling occurred in the beam
flanges and web during the 4% drift cycles.
6 At the end of the 5% drift cycles severe
cyclic local buckling caused cracking in the
west beam top flange at the interface of weld
metal and base metal, propagating
approximately 3 in. across the flange.
7 Fracture occurred in the base metal of the top
flange of the west beam at the 1st cycle of
5.5% drift.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
602
8.46
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.47 (east beam)
1.39 (west beam)
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
4.1 (east beam)
4.1 (west beam)
0.1
44.9
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 45,908
Mode of failure:
Ductile fracture of the west beam top flange at the 1st cycle of 5.5% drift.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
-800
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-200
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Column top displacement (in.)
Spec. C3West Beam Top Flange Fracture
ACTUATOR FORCE - TOTAL PLASTIC ROTATION RESPONSE
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Total plastic rotation (rad.)
Spec. C3West Beam Top Flange Fracture
ACTUATOR FORCE - PANEL ZONE PLASTIC ROTATION RESPONSE
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Panel zone plastic rotation (rad.)
Spec. C3
Development And Evaluation Of Improved Details For Ductile Welded Unreinforced Flange Connections
Ricles, Mao, Lu, and Fisher
350
EAST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
0.75
1.25
1.75
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Beam plastic rotation (rad.)
Spec. C3West Beam Top Flange Fracture
0.8Mp
0.8Mp
WEST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
0.75
1.25
1.75
-0.06 -0.04 -0.02 0 0.02 0.04 0.06
Beam plastic rotation (rad.)
Spec. C3
West Beam Top Flange Fracture
0.8Mp
0.8Mp
DISCUSSION
Specimen C3 first yielded in the beam flanges near the column face during the 0.75%
drift cycle.  The doubler plates yielded during the initial 1.5% drift cycle.  The column
flange of the panel zone began to yield during the 2% drift cycles; with cracks initiating
in the web groove welds on the edges of the shear tab of both beams. These cracks did
not propagate in subsequent cycles. Yielding occurred in the column flange and the
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vertical groove weld at the edge of the double plates during the 2% drift cycles. Minor
local buckling occurred in the beam flanges near the column face during the 3% drift
cycles. By the end of the 3% drift cycles a crack initiated at the interface of the weld and
base metals at the center of the bottom flange of both beams. During the 4% drift cycles
severe local buckling occurred in the flanges and web of both beams. The west beam top
flange fractured during the 1st cycle of 5.5% drift.  The fracture occurred in the base
metal close to the HAZ, propagating from a crack that had initiated at the south edge of
the weld-base metal interface.  The test results indicate that the stronger column panel
zone resulted in more plastic deformation in the beams. During the test the panel zone
developed a maximum plastic shear deformation of 0.1% rad., the total plastic rotation
achieved was 4.1% rad. The modified weld access hole performed well during the test.
Except for the west beam top flange, no cracking was found in the access hole region
during the test. The top flange of the west beam, after fracturing, had a crack initiate from
the access hole, propagating around the edge of the shear tab that was welded to the beam
web. No cracking was found at the toe of the beam flange groove weld where the burr
grinding was performed. The practice of using run off tabs at the beam web significantly
improved the web groove weld and performance of the connection.  The cracking in the
beam web groove weld was less severe than that of the test specimens that did not use
web run off tabs.
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PHOTOS TAKEN AFTER TESTING
Specimen C3 after completion of testing; fracture occurred in the west beam top
flange base metal.
West beam web and flange local buckling, and base metal fracture of the top flange.
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Yielding of west beam web groove weld following fracture of beam top flange.
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TEST SUMMARY OF SPECIMEN C4
Specimen ID C4
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, weld fracture, plastic rotation, burr grinding
Test Location ATLSS Research Center, Lehigh University
Test Date November 18, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao and Joel Ojeda
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength
(ksi)Member Size Grade
Mill
certs.
Coupon tests Mill
certs.
Coupon
tests
Beam W36x150 A572 Gr.50 56 55.1 flange
61.8 web
73 71.6 flange
75.1 web
Column W27x258 A572 Gr.50 53 50.2 flange
55.7 web
70 73.3 flange
72.8 web
Shear tab 5/8”plate A572 Gr.50 N.A 51.3 N.A 75.5
Doubler plate 5/8” plate A572 Gr.50 63.8* 64.5 85.6 75.5
Continuity plate 1” plate A572 Gr.50 56 64.5 77 85.2
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
2- 5 /8 ” doubler plates, plug welds provided to each to conform with Section
9.3b of the AISC LRFD Seismic Specification.
1” continuity plates.
Two –sided test, no floor slab, no axial force in column, specimen tested in
upright position.
The run off tabs on the beam flanges and beam webs were removed.  Top flange
backup bar remained, a reinforcing fillet weld was provided between the bottom
surface of the backing bar and the column flange using a AWS E71T-8 electrode.
The bottom beam flange backing bar was removed using the air-arc process,
back gouged, and reinforced with a fillet weld using the same electrode.  The toe
of the groove weld at the underside of the bottom beam flanges was burr ground
to a depth of about 1/32 in.  Beam web groove was ground to produce a smooth
profile at the top and bottom of the shear tab.
*intended yield strength was 50 ksi
TEST SET-UP
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First minor yielding in the beam flanges
near column face during 0.75% drift
cycle.
2 Minor yielding in the doubler plates of
column panel zone during 1.5% drift
cycles.
3 Minor yielding in the column flanges of
panel zone; and cracking initiated in the
groove weld at the edges of the shear tab
of both beams during the 2% drift cycles.
4 Minor local buckling of beam flanges,
cracking initiated at the interface of weld
metal and base metal at the edge of the
top and bottom flanges of the west beam
during 3% drift cycles.
5 Severe local buckling occurred in the
beam flanges and web during the 4%
drift cycles.
6 At the end of the 6% drift cycles severe
cyclic local buckling caused cracking in
the base metal of the top flange of both
beams.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement
Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
609
9.28
1.56
Moment properties Beam plastic moment Mp (k-in.)
M/Mp (at column center line)
33,302
1.50 (east beam)
1.52 (west
beam)
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
5.2 (east beam)
5.2 (west beam)
0.1
54.2
Energy Dissipation
Properties
Cumulative energy dissipated (k-in.) 62,217
Mode of failure:
Ductile fracture of the west beam top flange at the end of 6% drift cycles. Fracture occurred in the
region of the beam where severe cyclic local buckling had developed.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
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 Flange Fractured
ACTUATOR FORCE - TOTAL PLASTIC ROTATION RESPONSE
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ACTUATOR FORCE - PANEL ZONE PLASTIC ROTATION RESPONSE
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EAST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
-1.75
-1.25
-0.75
-0.25
0.25
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WEST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
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DISCUSSION
Specimen C4 first yielded in the beam flanges near the column face during the 0.75%
drift cycle.  The doubler plates yielded during the initial 1.5% drift cycle.  The column
flange in the panel zone began to yield during the 2% drift cycles; with cracks initiating
in the web groove welds on the edges of the shear tab of both beams.  These cracks did
not propagate in subsequent cycles.  Yielding occurred in the continuity plates during the
3% drift cycles.  Minor local buckling occurred in the beam flanges near the column face
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during the 3% drift cycles.  By the end of the 3% drift cycles cracking initiated at the
interface of the weld and base metals at the edge of the top and bottom flanges of the
west beam.  During the 4% drift cycles severe local buckling occurred in the flanges and
web of both beams. The top flange of both beams developed cracking at the end of the
6% drift cycles. These cracks occurred in the base metal at the location of severe local
buckling of the top flanges. The test results indicate that the stronger column panel zone
resulted in more plastic deformation in the beams. During the test the panel zone
developed a maximum plastic shear deformation of 0.1% rad., the total plastic rotation
achieved was 5.2% rad. The modified weld access hole performed very well during the
test. No cracking occurred in the access hole region during the test.  Some minor cracking
was found at the toe of the west beam top and bottom flange groove weld where the burr
grinding was performed. The practice of using run off tabs at the beam web significantly
improved the quality of the web groove weld and thereby the performance of the
connection. The cracking in the beam web groove weld was less severe than that of the
test specimens that did not use web run off tabs.
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PHOTOS TAKEN AFTER TESTING
Specimen C4 after completion of testing at the end of 6% drift cycles
East beam base metal cracked at the top flange from cyclic local buckling
Cracking from cyclic
local flange buckling
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West beam base metal crack at the top flange from cyclic local buckling
          
Yielding of web groove weld of east and west beams.
Cracking from cyclic
local flange buckling
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TEST SUMMARY OF SPECIMEN C5
Specimen ID C5
Key Words Notch-tough electrode material, modified weld access hole,
beam web groove weld, supplemental fillet weld, panel
zone yielding, plastic rotation, burr grinding, composite
beam, concrete slab
Test Location ATLSS Research Center, Lehigh University
Test Date November 26, 1999
Principal Investigator James M. Ricles,  Le-Wu Lu , and John W. Fisher; with
Changshi Mao and Joel Ojeda
Reference Protocol for Fabrication, Inspection, Testing, and
Documentation of Beam-Column Connection Tests and
Other Experimental Specimens, Report No. SAC/BD-97/02
Funding Source FEMA/SAC Joint Venture, Phase II – Subtask 7.05 of Task
7, Pennsylvania Infrastructure Technology Alliance
CONNECTION DETAIL
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MATERIAL PROPERTIES AND SPECIMEN DETAILS
Yield Stress (ksi) Ultimate Strength (ksi)
Member Size Grade Mill
certs.
Coupon
tests
Mill
certs.
Coupon tests
Beam W36x150 A572 Gr.50 57 56.7 flange
62.8 web
73 72.5 flange
75.3 web
Column W14x398 A572 Gr.50 54 53.2 flange
52.2 web
74 72.4 flange
72.0 web
Shear tab 5/8”plate A572 Gr.50 N.A 51.3 N.A 75.5
Doubler Plate 3 /4 ” plate A572 Gr.50 57 571. 76 76.7
Concrete Slab f’c = 5,064psi at testing date (22days)
Welding
Procedure
Specification
Shear tab
Panel zone
Continuity plates
Boundary
conditions
Other details
Fillet Weld: FCAW-SS, 0.068”diameter AWS E71T-8 electrode. Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
CJP weld: FCAW-SS, 3/32”diameter AWS E70TG-K2 electrode for beam
flange, 0.068”diameter AWS E71T-8 electrode for beam web.  Conforms with
AWS 5.20 Specification and Section 4.2 of AWS D1.1-94.
5/8” x 5” x 30-1/2” plate with two A325 erection bolts, beam web was groove
welded to column flange and fillet welded to shear tab.
2- 3 /4 ” doubler plates.
No continuity plates.
Two –sided test, with floor slab, no axial force in column, specimen tested in
upright position.
The run off tabs on the beam flange and beam web were removed.  Top flange
backup bar remained, a reinforcing fillet weld was provided between the bottom
surface of the backing bar and the column flange using a AWS E71T-8 electrode.
The bottom beam flange backing bar was removed using the air-arc process,
back gouged, and reinforced with a fillet weld using the same electrode.  The toe
of the groove weld at the underside of the bottom beam flanges was burr ground
to a depth of about 1/32 in.  The beam web groove was ground to produce a
smooth profile at the top and bottom of the shear tab.
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TEST SET-UP
COMPOSITE CONCRETE SLAB DETAILS
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DISPLACEMENT HISTORY AND KEY EXPERIMENTAL OBERSERVATIONS
Applied Displacement History KEY OBSERVATIONS OF THE TEST
Point Description
1 First minor yielding in the beam flanges near
column face and concrete slab cracking
during 0.75% drift cycle.
2 Minor yielding in the doubler plates of
column panel zone during 1% drift cycles.
3 Minor local buckling of beam bottom
flanges, crack initiation in the groove weld at
the bottom edge of the shear tab of the west
beam, and concrete slab crashing near the
column face during the 3% drift cycles.
4 Severe local buckling in the beam flanges
during 4% drift cycles; crack initiation at the
interface of the weld metal and base metal at
the center of the bottom flanges of both
beams.
5 Brittle fracture occurred in the top flange
base metal of east beam during the 2nd cycle
of 4% drift. The fracture initiated at 21” from
the column face where a shear stud was
located and where severe local beam flange
buckling occurred. The east beam link was
released at the end cycles of the 2nd cycle of
4% drift.
6 Brittle fracture occurred in the top flange
base metal of the west beam at the end of 2nd
cycle of 5% drift.  The fracture initiated at 9”
from the column face where a shear stud was
located and where severe local beam flange
buckling occurred.
DETAILED TEST RESULTS
Quantity Maxima
Force/Displacement Properties
Peak actuator force (kips)
Column tip deformation (in.)
Experimental yielding displacement (in.)
613
8.04
1.56
Moment properties Beam plastic moment Mp (k-in.)*
M/Mp (at column center line)*
33,953
1.42 (east beam)
1.41 (west beam)
Rotation Capacity
Total plastic rotation (% rad.)
Panel zone plastic rotation (% rad.)
Cumulative total plastic rotation (% rad.)
2.5 (east beam)
4.6 (west beam)
1.1
37.2
Energy Dissipation Properties Cumulative energy dissipated (k-in.) 33,087
Mode of failure:
Fracture of east beam top flange during the 2nd cycle of 4% drift, east beam top flange during the 2nd cycle
of 5% drift.
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ACTUATOR FORCE-DISPLACEMENT RESPONSE
ACTUATOR FORCE - TOTAL PLASTIC ROTATION RESPONSE
ACTUATOR FORCE - PANEL ZONE PLASTIC ROTATION RESPONSE
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EAST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
WEST BEAM MOMENT- TOTAL PLASTIC ROTATION RESPONSE
DISCUSSION
Specimen C5 first yielded in the beam bottom flanges near the column face and the
concrete slab cracked during the initial 0.75% drift cycle.  The doubler plates yielded
during the initial 1% drift cycle. Minor local buckling of beam flanges occurred near the
column face during the 3% drift cycles, and the column flange of the panel zone began to
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yield. The groove welds on the bottom edge of the shear tab of the west beam also started
to crack during the 3% drift cycles, but did not propagate in subsequent cycles.   The
concrete slab also developed initial crushing at the column face at the 3% drift cycles.
Severe local buckling occurred in the beam flanges during 4% drift cycles.  Cracks
initiated at the interface of the weld and base metals of the bottom flange of both beams,
developing at the center of the beam flange width during the 4% drift cycles.  Brittle
fracture occurred in the top flange base metal of the east beam during the 2nd cycle of 4%
drift.  The fracture occurred at 21” from the column face, where a shear stud was located
on the beam flange and where severe local buckling had occurred.  After the 2nd cycle of
4% drift was completed, the east beam reaction was released to continue the test with
only the west beam.  The west beam top flange fractured at the base metal during the 2nd
cycle of 5% drift. This fracture occurred at 9” from the column face, where a shear stud
was located on the beam flange and where severe local buckling had occurred.  The test
results indicate that the strong column panel zone forced more local buckling in the
beams.  The panel zone reached the maximum plastic shear deformation of 1.1% rad. at
the early cycle of 4% drift, as the maximum load was reached during the test, the
corresponding total plastic rotation was 2.5% rad. The total plastic rotation achieved
during the 5% drift cycle prior to when the west beam’s top flange fractured was 4.6%
rad. The modified weld access hole performed well during test.  Cracking was found
neither to have occurred in the access hole region nor at the toe of the groove weld of the
beam flanges where the burr grinding was performed.  The practice of using run off tabs
at the beam web significantly improved the quality of the web groove weld and thereby
the performance of the connection. The cracking in the beam web groove weld was less
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severe than that of the test specimens that did not use web run off tabs.  The composite
slab increased the moment capacity of the beams by 11% compared to the companion
bare steel specimen (Specimen LU-C1), leading to large shear force and inelastic shear
deformation in the panel zone.   The welding of the shear studs to the beam flange in the
plastic hinge zone, where local buckling and cracks occurred, evidently led to beam
flange fracture by reducing the notch toughness of the base metal and thereby resistance
to crack propagation.
PHOTOS TAKEN AFTER TESTING
Specimen C5 after completion of testing, fracture occurred in the beam
top flange base metal at a shear stud
Fracture
Fracture
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West beam base metal cracked at the bottom flange from cyclic local buckling
Close up view of East beam base metal fracture at the top flange
Cracking
Shear Stud
Fracture
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Close up view of West beam base metal fracture at the top flange
     
Yielding of web groove weld of east and west beams.
Shear Stud
Fracture
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Appendix B
Specified Weld Procedure and UT Inspection Reports
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Appendix C
Steel Chemical Content Reports
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Note:  * heat 1; ** heat 2
W27x258      W36x150*      W36x150**    W14x398
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¾ in. plate       5/8 in. plate     1 in. plate       W14x311
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Appendix D
Tensile Coupon Stress-Strain Curves
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W36x150 beam (heat 1) web-2  coupon 
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W14x398 column web-1 coupon
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W27x258 column flange-2 coupon
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5/8 inch doubler plate (rolling direction) -coupon 1
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5/8 inch doubler plate (perpendicular to rolling 
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